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Abstract 
Emulsion polymerisation is a process of considerable technological and industrial signif- 
icance. The process presents many challenges in respect to design, optimisation and 
multi-objective distribution control. The quality of latex is determined by the final prod- 
uct properties, i. e. viscosity, mechanical strength and film-forming ability, which are in 
turn a function of the latex attributes of PSD and MWD. This motivates an inferential 
control scheme utilising these distributions. This research addresses model development 
and controllability analysis towards model-based control. 
A population balance model for PSD and MWD is developed. The PSD information is 
incorporated via a one-dimensional population distribution of the polymer particles with 
respect to their size, in conjunction with a population distribution of the total live poly- 
mer radicals/ particle. MWD information is incorporated via one-dimensional population 
distributions of the live radicals and dead polymer chains with respect to their length (in 
different sized particles). The model solution is facilitated by a number of algorithmic 
developments, including a decomposition algorithm coupled with a multi-level discretisa- 
tion for PSD and the application of the method of moments for MWD. This model is 
compared to extensive experimental data for its validation. Improvements in the form of 
a two-dimensional version of this model enable better prediction of compartment alisation. 
and hence the growth rates, thereby improving model match with experiments. 
This work presents a study into the simultaneous controllability of PSD and 1-NINVI), 
assessed through an experimental sensitivity analysis on the main process manipulations: 
initiator, CTA, monomer and surfactant. The work analyses the practical limitations on 
the attainability of PSD and MWD. The range of experiments carried out clearly indicates 
the operation of individual mechanisms in the simultaneous formation of PSD and MWD. 
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Chapter 1 
Introduction, Motivation and 
Aims 
1.1 Emulsion Polymerisation 
The inception of emulsion polymerisation can be traced back to the early twentieth century, 
with the Goodyear Tire & Rubber Company and the I. G. Farbenindustrie Ludwigshafen 
laboratories being amongst the first to patent processes involving emulsified monomer 
solutions and thermal initiator. The initial development of emulsion polymerisation has 
been reviewed in detail by others. [1,21 The early process evolved around the copolymerisa- 
tion of butadiene and styrene. Since then, the technology has advanced to incorporate a 
range of monomers and has application in a number of fields including but not limited to 
water-borne paints, paper coatings, adhesives and novel biotechnological applications. 
Emulsion polymerisation has received increasing attention due to a number of factors. 
As a viable alternative to solvent-based polymerisation processes, emulsion polymerisa- 
tion has aided in the compliance with legislation aiming to reduce the use of volitive 
organic compounds. Due to its segregated nature, emulsion polymerisation offers a prac- 
tical method of producing high molecular weight polymers, without compromising on 
reaction rates unlike bulk or solution polymerisation techniques. The reaction medium 
promotes efficient heat transfer and acts to maintain a low ViSCOSity. [3] In addition to 
these technological advantages the principle of heterogeneous polymerisation offers unique 
14 
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opportunities not possible in homogeneous systems. These include the intrinsic capabil- 
ities of exploiting the heterogeneity of the system to control molecular level architecture 
(i. e. copolymer composition) as well as to control the heterogeneity at the particle size 
level. 
Notable disadvantages of the process include those related to post processing of the 
latex product. Where latex purity is a concern, difficulties may arise in the polymerisation 
of the final fraction of free monomer or the complete removal of any unwanted adjuvant 
residues. Recovery techniques such as filtration can prove both complicated and prob- 
lematic. For example, where microfiltration is applied to colloidal paints, concentration 
polarisation and membrane fouling can effect both the permeation flux and the retention 
of desirable and undesirable solutes. [41 However, much interest [51 exists in facilitating such 
filtration processes. The complexity of the reaction scheme and heterogeneous nature that 
characterises emulsion polymerisation present many challenges in terms of theoretical un- 
derstanding, and hence control of the process and resulting product attributes is regarded 
as a classical and challenging problem. 
The latex material produced by emulsion polymerisation has many complex and inter- 
related characteristics. The so-called 'quality' of a latex is usually dependent on a number 
of these characteristics, and directly impacts the performance of an end-product. The 
quality of a latex is defined by a combination of molecular properties (molecular weight 
distribution (MWD), copolymer composition distribution (CCD), long and short chain 
branching (LCB, SCB), stereoregularity, etc. ) as well as morphological properties, such 
as particle size distribution (PSD) and bulk density. These molecular and morphologi- 
cal properties underpin latex processing and end-product application governing physical, 
thermal, mechanical, rheological and chemical properties. The effect of the particle size 
distribution (PSD) on end-use properties such as rheology is well known. Luckham and 
Ukeje [61 demonstrated the effect of PSD on the rheology of latexes. Greenwood et al. [71 
described the effect of a bimodal PSD on the rheological properties of a latex. Amaral 
et al. [81 demonstrated the effect of PSD on the viscosity of high solid content latexes. In 
addition, the molecular weight distribution (MýA, 'D) has been shown[91 to influence me- 
chanical strength. It has been shown1101 that significant improvements can be made to 
latex rheology by manipulating the distribution of long and short chain polymers. A 
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quantitative link["] has been established between latex XIWD and its adhesive properties, 
(resistance to shear and peel). Furthermore, the fourth moment of the '-\INN'D is expected 
to be correlated with the rheology. [12] 
The objectives of this thesis relate to the feasibility of simultaneous control, gix, en 
process limitations, of PSD and MWD. The possibility and practicality of adopting a 
model-based approach to design, optimise and control the process will be assessed. The 
evaluation of a suitable modelling framework will also be given. 
The remainder of this introductory chapter details process theoretics, as well as pro- 
viding the motivations for this study, followed by a more specific description of the thesis 
content. 
1.1.1 Theory 
Emulsion polymerisation is a heterogeneous process, the final product of which is a colloidal 
dispersion of sub-micron polymer particles in an aqueous medium also known as a latex. 
It is a special type of free radical process, wherein the main locus for polymerisation is 
within a segregated polymer particle phase. 
The basic components required to carry out an emulsion polymerisation are monomer, 
water, stabilising agent and a free radical source. Additional components may be added 
to the formulation to modify the process dynamics or product, e. g. rheological modifiers, 
chain transfer agents (CTA), buffers, biocides and fungicides, antioxidants and UV ab- 
sorbers. Several different phases coexist during a process: water as a continuous phase, 
monomer droplets, polymer particles and, above the critical micelle concentration, a mi- 
cellar phase. 
Chemistry 
The most commonly used monomers are alkenes, these include chloroethene, vinyl acetate, 
styrene and butadiene. Free radical type polymerisation can be classified into three main 
parts: initiation, wherein free radicals react with monomer to initiate the polymerisation; 
propagation, wherein live polymer chains undergo concatenation via monomer addition, 
and termination, a reaction that stops further propagation. A brief overview of the process 
kinetics will now be given: 
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e Initiation: This stage commences with the generation of primary free radicals, 
either by homolysis, redox reaction, or a combination of both. Homolysis can be 
achieved by the application of heat or light (UV) radiation. Water soluble initiator 
molecules, with peroxide or azo groups, readily undergo homolysis to produce free 
radicals via application of heat (thermolysis). An example of a peroxide initiator 
cleaving into alkoxy radicals (decomposition) is shown in Figure 1.1. 
R 
0-0 R-0 
R 
Figure 1.1: Decomposition of a peroxide to produce radicals. 
Initiation is completed when the primary radical generated in the first part of the 
initiation process reacts, via addition, with the double bond of an alkene monomer 
as shown in Figure 1.2 
R-O* + H2C=CH2 ip R-OCH2-CHý 
Figure 1.2: Addition of a primary free radical to the double bond of ethene. 
9 Propagation: Propagation involves attack of the carbon double bond of an alkene 
monomer molecule by a radical. The radical centre created will migrate along the 
chain length as further monomer units are added via propagation [Figure 1.3] 
ROCH '+ H2C=CH »- ROCH CH CH CH; 2CH2 2222 
Figure 1.3: Propagation of ethane. 
Termination: The termination reaction stops radical growth and can occur via 
two main mechanisms: (1) combination [Figure 1.4]- where the active centres of two 
growing chains combine, resulting in a single dead chain of length equal to the sum 
of reacting chain lengths. 
(2) dispropoTtZonation [Figure 1.5]- where a hydrogen atom is abstracted fTom one 
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RO CH21CH2-CH. ') + HC'CH2 CH21OR 
Infm 
RO CH2 CH2-CH2CH2-CH2 H2 OR 
t 
11 
tc I 
nm 
Figure 1.4: Termination via combination of polvethene radicals. 
I 
growing chain by another, resulting in two separate dead chains. each undergoing no 
change in length. 
ROtCH2 
ICH2-CH, 
-, 
n 
ROtCH21CH2-CH3 
n 
H, C CH2 H2 OR C 
m 
H2C'=CH+H21OR 
m 
Figure 1.5: Termination via dmproportzonation of polyethene radicals. 
Chain Transfer: Chain transfer involves the active centre from a radical being 
abstracted by a hydrogen atom donating recipient molecule. Recipients of the active 
centre may include polymer chains (resulting in branching), monomer or CTA. [13) 
Chain transfer to monomer is shown in Figure 1.6. 
ROtCH21CH2-CH2 + H2C=CH2 
n 
ROfCH2 CH2-CH3 + HC=CH2 
"n 
Figure 1.6: Chain transfer from a growing polymer radical (polyethene) to monomer (ethene). 
Particle Formation, Growth and Stabilisation 
This section will detail mechanisms for particle generation, stabilisation once created and 
continuous growth. Figure 1.7 gives an overview of the reactions and mechanisms that are 
described in this and the previous section. 
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Nucleation 
20 
Nucleation involves to the creation of polymer particles within the polymerisation systein. 
Different nucleation theories have been proposed: 
Homogenous nucleation: [14,15116,17,181 Having been formed in the aqueous phase 
by initiation, short polymer chains (oligomers) concatenate with additional monomer 
molecules. A polymer chain becomes increasingly hydrophobic upon chain concate- 
nation. When a critical chain length is reached, the polymer precipitates out of 
solution and forms a separate particulate phase. 
Micellar nucleation: [14,18,19,20] When ionic surfactant in the aqueous phase exceeds 
the critical micelle concentration (cmc), aggregates of surfactant molecules called 
micelles are generated, and become swollen with monomer. When an aqueous phase 
radical enters the micellar environment it forms a polymer particle. 
Coagulative nucleation: [21,22,23,24,25,26,27] Coagulative nucleation is a sequential 
two-step process, the first step of which involves the nucleation of small, unstable, 
precursor particles via the homogenous/micellar nucleation mechanisms. The nature 
of these particles is such that they subsequently undergo rapid coagulation with other 
particles until they reach a colloidally stable size. 
9 Droplet nucleation: In a conventional emulsion, the Ostwald ripening effect means 
that monomer droplets exist in the 10-50 pm size range, hence they do not compete 
for radical entry and no direct droplet nucleation occurs. A miniemulsion[28,29] can 
be formed when monomer droplets are maintained at a sub-micron size by dissolution 
of water-insoluble compounds such as hexadecyl sulphate, [301 known as costabilisers. 
In systems where the size of monomer droplets is comparable to the size of micelles 
or particles (sub-micron), an appreciable amount of particle formation may occur 
via aqueous phase radical entry into the monomer droplets. 
Particle Growth 
The main locus of reaction in an emulsion polymerisation system is within monomer 
swollen particles. Newly formed particles will increase in volume due to the polymerisa- 
tion of radicals contained therein. The rate of growth is proportional to the number of 
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live radicals contained. The coagulation mechanism also causes particles to increase in 
volume. Coagulation and the associated inter-particle dynamics are described in the next 
section. 
PaTticle Stabilisation 
Colloidal particle systems of the kind relevant to this work (e. g. polystyrene in water) 
are inherently unstable, that is, the standard free energy of the system, AGO, is positive. f 
thermodynamically favouring the process of particle agglomeration as shown in Figure 1.8, 
indicated by the left-to-right process. In this kind of lyophobic colloidal system the free 
energy is thus minimised. Conversely, in a 1yophilic system AGO is negative, thus favouring f 
the reverse process shown in figure 1.8 
0 
AGo 00 
wo, 00 
00 04 
4b 
Figure 1.8: Thermodynamic schematic of a Iyophilic system, where AG' = -JAA, with -, and A-4 f 
being the solid-liquid interface tension and the increase in interfacial area, respectiveb- 
Coagulation and flocculation are terms used to describe an agglomeration process be- 
tween particles. Coagulation refers to an irreversible pairing between particles, whereas 
flocculation describes a reversible process with weaker interactions, usually resulting in 
larger loosely bound 'flocs' of particles. In a typical application, such as paint or film 
production, it is generally desirable to minimise or control the rate of coagulation, with 
the aim to retain the colloidal nature of the system. The attraction between particles 
that causes coagulation is attributable to van der Waals force. Van der Waals force arises 
due to attractions between transient dipoles in neighboring molecules. To counteract this 
force and thus inhibit the coagulation process, a repulsive force, comparable in range and 
magnitude, is required. 
Surfactants are used to induce a large enough energy barrier to inhibit the tendency 
for particles to coagulate. Surfactants are amphipathic molecules operating at interfaces 
and thereby altering the physico-chemical properties of such. Surfactants act to reduce 
the surface tension of an interface to which they are adsorbed. In addition to stabilising 
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particles, surfactants also act to stabilise oil-water emulsions by reducing the interfacial 
tension between liquids. 
Surfactants can be classified into two main groups: ionic and non-ionic. Ionic surfac- 
tants have a charged head region and can be further classified in terms of their net charge. 
If positively charged, the surfactant is termed cationic e. g. cetyl trimethylammonium bro- 
mide. If negatively charged, the surfactant is termed anionic e. g. sodium dodecyl sulphate 
(SDS). If two opposing charged groups are present', the surfactant is termed zwitterionic 
e. g. cocamidopropyl betaine. Non-ionic surfactants are those which do not form ions ill 
aqueous solution e. g. poly(ethylene oxide). 
The degree of colloidal stability and the mechanism by which it arises is different for 
ionic and non-ionic surfactants. Ionic surfactants impart an electrostatic stabilisation, 
with a repulsive force arising from the Columbic interaction between electrical double 
layers that exist due to the arrangement of ionic molecules at the particle surface. Per- 
sulphate initiated systems can produce surface active oligomers, which invoke a similar 
kind of stability (facilitating emulsifier-free polymerisations). The stabilisation mechanism 
involves the accumulation at the particle surface of a uniform layer of ions, with opposing 
charge to the particle. The adsorbed surface charge, together with the diffuse outer ionic 
layer are referred to as the double layer [see Figure 1.9]. The thickness of the double layer 
is important when considering particle stability and is strongly effected by the presence 
of electrolytes. The structure and dynamics of this shielding layer have been studied in 
great detail. [31,321 The DLVO theory quantifies these interactions, and provides a basis 
to model particle coagulation rates (covered in more detail in Chapter 3). Where ionic 
stabilisers are used, the colloidal environment is important in determining the interac- 
tion between particles, greatly influencing particle stability. Such environmental factors 
include, monomer concentration, surfactant concentration, electrolyte concentration, sur- 
factant type, temperature. 
The mechanism by which non-ionic surfactants impart stability is known as steric sta- 
bilisation. Non-ionic stabilisers are Iyophilic materials, of polymeric nature, which graft 
to the surface of polymer particles. The interaction between the adsorbed chains of two 
approaching particles results in a repulsive force, that may counteract the van der NVaals 
attractive force. As the particles move closer together, the number of contacts between 
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Figure 1.9: Illustration of the charge layers surrounding a particle with adsorbed ionic surfactant 
in an ionic medium. 
polymer chains is increased, whilst the number of contacts between polymer chain and 
solvent (water) decreases. For a Iyophilic molecule, this results in an increase in free en- 
ergy and a repulsive force, which forms the basis of the steric stabilisation mechanism. 
Steric stabilisers have a number of advantages over ionic stabilisers, for instance they may 
be used in a range of medias, whereas ionic stabilisers are only suitable in aqueous solu- 
tion. Steric stabilisers are insensitive to electrolyte, whereas ionic stabilisers are highly 
sensitive. Steric stabilisers prove effective at both high and low volume fractions, whereas 
ionic stabilisers are only suitable for low volume fractions. Reversible flocculation is pos- 
sible using steric stabilisers, whereas only irreversible coagulation is possible with ionic 
stabilisers. A disadvantage of using steric stabilisers is that they tend to be required in 
far larger quantities than their ionic counterparts (typically 10 times more). Furthermore, 
absorption of steric stabiliser tends to be so strong that migration over the colloid particle 
surface is prevented, which makes the film forming process very difficult. 
Latex Characterisation 
The PSD arises from the differential growth rates exhibited by particles. The balance over 
radicals in particles due to entry, desorption and termination is dependant on the particle 
size, which in turn means that growth rates, dictated by the number of radicals per particle, 
is also affected. Differences in length of nucleation period can also result in different 
distributions of particle sizes. For example, a narrow distribution is associated with a 
OSurfactant 
molecule 
+Ion 
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short nucleation period whereas a broad PSD may result from a prolonged nucleation 
I nS 133' period. Multiple nucleation periods can result in complex multimoda distributio .j 
Therefore, the size of particles is not captured sufficiently by a simple average metric but 
necessitates characterisation via a distributed metric. 
The molecular architecture exhibited by a latex is a consequence of the interaction 
between chemical reactions and physical mechanisms that take place during a polymerisa- 
[34,351 tion, and can be effected by various factors, including component feed trajectories. 
reaction mode, [361 and temperature. The molecular weights of chains produced during a 
polymerisation may present several different cla-sses of distribution, for example, narrow, 
long tailed and multimodal. [371 
An increasing requirement for accurately specified latex characteristics motivates the 
development of latex characterisation techniques. An account will now be given of the 
measurement techniques used to determine important latex characteristics, starting with 
conversion, followed by latex particle size and molecular properties. 
Monomer Conversion 
Measuring monomer conversion gives an indication of the extent of reaction. Furthermore, 
it allows the tailoring of monomer feed profiles to prevent copolymer composition drift. 
Techniques for measuring monomer conversion are listed below: 
1. Gravimetry [off-line] 
2. Gas Chromatography [on-line] [38] 
3. Calorimetry [on-line] [39] 
4. Latex Density Measurement [on-line] via dilatometry, [401 densitometry, [33] ultra- 
sound velocity measurements["] and Raman spectroscopy (utilising fibre optics) [421 
Particle Size 
There are many techniques that enable the characterisation of particles in terms of size 
and shape. Underlying such measurements are several complications. The deviation of 
particle shape from perfect sphericity may necessitate the use of certain approximations. [431 
such as Stokes diameter and the projected area diameter. Another often problematic 
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aspect is ensuring that representative sample of reactor contents is obtained. Preparation 
of samples may require dilution, therefore it is essential that suitable dilution agents 
and conditions are used, in order to avoid particle coagulation. Of the techniques that 
exist for measurement of particle size, those giving average size seem inadequate and 
possibly misleading when considering that latex particles will be distributed. perhaps 
with multimodal distributions. The concept of average size seems even more inadequate 
when considering the relationship that exists between the full distributions and important 
end-product attributes. 
Particle size measurement techniques can be categorised into 6 main groups, shown 
below. Some illustrative examples are given. 
I. Light scattering: classical e. g. turbidity, [441 quasi-elastic, [451 and neutron scatter- 
ing 
2. Microscopy: [46] 
3. Particle transport: sedimentation, [471 hydrodynamic chromatography (HC), cap- 
illary hydrodynamic fractionation, CHDF [481 and field flow fractionation (FFF) 
4. Acoustics 
5. Surface area: gas adsorption, soap titration 
6. Classification: sieving, filtration 
Of these devices, the few that directly measure the full PSD include CHDF, microscopy 
and light scattering. When evaluating different methods it is pertinent to consider mea- 
surement resolution, time, complexity and equipment cost. A thorough description of 
these aspects can be found in. [491 Recent advances in PSD measurement have included 
improvements in ease of sample dilution, direct management of high solids content latex 
and devices that offer on-line measurement capability suitable for closed-loop control ap- 
plication. 
Molecular Weight & MWD 
A brief account will be provided of the techniques for measuring the average molecular 
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weight and MWD of a latex. Depending on the sample requirements for molecular char- 
acterisation, isolation of the pure polymer fraction from a raw latex may be important. 
Isolation of a particular polymer fraction involves separation from the other residual molec- 
ular compounds such as surfactant, initiator and electrolyte. Separation methods include 
destabilisation via electrolyte addition, dialysis and ion-exchange. This situation is further 
complicated by having to ensure that a representative reactor sample is obtained. 
Similar to the consideration of particle size measurement. it is important to capture 
the full MWD due to the inherent link between the the distribution and important end- 
product properties. The following techniques are used to measure latex molecular weight 
and are classified in terms of their ability to capture average molecular weight or full 
distribution information: 
Osmometry [average MW]: based on equilibrium balance between a polymer solu- 
tion in different solvents 
[50] 
2. Scattering Methods [average MW]: based on the degree of scattering of electro- 
magnetic radiation or neutrons effected by the latex [51] 
3. Ultracentrifugation [average MW]: based on size dependant molecule separation 
under centrifugal acceleration ["I 
4. Viscometry [average MWJ: based on the dependence of viscosity on MW[501 
5. Size Exclusion Chromatography [average MW/MWD]: based on size-based sep- 
aration of molecules combined with various detectors e. g. refractive index (RI), 
viscometry and light scattering 
[50] 
6. Matrix assisted laser desorption ionisation mass spectrometry (--\IALDI- 
MS) [average MW/MWD]: based on dissolution of polymer in a UV absorbing com- 
pound, followed by ionisation via a UV-laser pulse and acceleration within an electric 
field. Mass spectrometry is used then to record the resultant time-of-flight spectrum, 
which yields MWD data 
[521 
The full account of molecular level architecture in a polymer is significantly more 
complicated than can be described by MWD alone. 
Branching and crosslinking reactions 
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create various network structures, strongly effecting polymer properties. and as such can 
be measured via NMR[531 and gel permeation chromatography (GPC). Copolymerisation 
systems produce polymer that may be further classified in terms of copolymer composition 
distribution, measurable via infrared, UV and NMR[53] spectroscopy and pyrolysis gas 
chromatography (PGC). 
Intramolecular structure analysis such as tacticity measurement is important from the 
point of view of understanding the relationship between molecular structure and polymer 
properties. This kind of analysis is facilitated by measurement techniques such as X-ray 
diffraction, IR spectroscopy and NMR. 
1.2 Control of Particulate Processes: A Model-Based Ap- 
proach 
The control of dynamic process systems represents a challenging task when considering the 
multi-objective, distributed control associated with emulsion polymerisation. An account 
will be given of the various approaches that have been adopted to control and optimise 
the emulsion polymerisation process. 
Before effective control measures can be put in place, the controllability of the system is 
an aspect that need to be addressed. Controllability analysis relates to the identification of 
suitable manipulated variables, assessment of the availability of sensors for critical product 
attributes that need control, and the quantification of the limitations in these two respects 
and their effect on the desired control. 
The simplest control strategy might involve defining a set of conditions that give the 
desired product quality. These conditions e. g. temperature and component feed trajec- 
tories, are maintained as close as possible to their set points using PID control. There is 
no feed back involved for the specific product attributes, which in a process like emulsion 
polymerisation can lead to sub-optimal operation. The technique is based on the assump- 
tion that a set of chosen process conditions is ultimately correct and that accurate enough 
control of these is possible. 
An improved control strategy would employ a suitable dynamic process model to deter- 
mine optimal conditions, motivating batch to batch optimisation studies. 
[54,55] Closed-loop 
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control may be applied, involving the on-line manipulation of process inputs. The diffi- 
culty in obtaining frequent enough measurements of end-use properties such as viscosity 
to enable online control corrections, motivates inferential control via easier to monitor and 
suitably related online variables, such as PSD/MWD. As a further step. model predictive 
control (MPC) can be employed, which involves the determination of manipulated variable 
156,57, trajectories at the same time as evaluating uncertain parameters. 
Indirect process monitoring parameters can be incorporated into control schemes using 
a fusion of hardware sensors and software-based models, the so-called soft-sensor. [58] State 
estimation techniques [59,60,611 are used in control applications and offer the potential to 
estimate system states from noisy data sources, also to provide estimates of parameters 
that cannot be measured using hardware sensors. 
1.2.1 Process Modelling 
The need to operate processes more efficiently to satisfy economic, safety and environmen- 
tal constraints motivates a model-based approach. Models can be used to study process 
mechanisms allowing improved understanding to underpin more robust model-based prod- 
uct and process design. By performing process sensitivity analysis models facilitate the 
establishment of process controllability. Models are also used for off-line optimisation, in 
doing so helping to circumvent trail and error techniques, as well as for on-line process 
monitoring and control requirements. 
One type of model is the so-called 'black box' model, where parameters in a general 
model structure, usually not of a mechanistic basis, are 'fitted' to actual plant data. 
The advantages of this type of model are associated with the relatively short amount of 
time it takes to construct, which is balanced somewhat with the time spent generating 
experimental data. This type of model does not rely on an understanding of the underlying 
process mechanisms and can therefore present a useful solution to generating a model for 
a controller. Use of 'black box' models is limited to the range of process data from which 
it was constructed. 
In contrast, mechanistic models involve a description of the physical and chemical 
principles that constitute the process. They are considerably more complex and time 
consuming to develop than their -black box' counterparts. However, motivation for their 
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development lies in the range of application and mechanistic understanding they allow. 
Parameter fitting is also needed for mechanistic models. wherein they are compared to 
experimental data and uncertain parameters are tuned. 
Moreover, the dynamic modelling and validation of PSD and -'\INN'D in emulsion poly- 
merisation in a mechanistic sense is a difficult task. This represents a multi-scale problem 
in terms of both length and time, with a need to incorporate particle nucleation, growth 
and coagulation into a coherent framework. The process encompasses highly interacting 
kinetics, thermodynamics, heat and mass transfer phenomena, which take place over a 
heterogeneous landscape. Furthermore, the physical properties (e. g., viscosity, density, 
transport coefficients, interfacial tension, etc. ) of the various phases typically vary by 
several orders of magnitude during the course of polymerisation. 
1.2.2 Population Balance Models 
Of specific interest to modelling of distributions is the framework based on the population 
balance concept. Population balances are ideally suited to capturing the dynamics of dis- 
tributed systems and are widely used in process systems engineering. [621 A comprehensive 
review of population balances and their application can be found in the book, Population 
Balances by Ramkrishna. [631 This section will provide some of the basics regarding pop- 
ulation balances and their solution. Population balance equations (PBE) are non-linear 
integro-partial differential equations, which can account for a distributed entity by track- 
ing the interchange with respect to a representative feature (internal coordinate). The 
balance is able to capture the growth dynamic of classes of the population with respect 
to this internal coordinate. It also represents birth and death events, which account for 
arrival or depletion of the dispersed entity from the population. In the case of emulsion 
polymerisation, PBEs provide a framework to capture the important process features. The 
general form of a population balance is shown below: 
a( 
(71, t) +a 
(ý 
(q, t) 
"' ) 
at OTI dt 
&uc(77i t) + 3ýinternal(77, t) (1.1) 
where ((TI, t) is the population density function, q is the internal coordinate, t is time, 
t) is a discrete term that accounts for the 'birth' of dispersed entities within the 
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system, A 
(( (q, t) 49 ) and (71, t) are two terms that account for realignment of a, q dt 
the internal coordinate, the first of which accounts for a continuous growth process i. e. 
polymerisation. The second term accounts for discrete processes involving coagulation or 
breakage. Coagulation describes the non-continuous growth of polymer particles. 
The numerical techniques used to solve PBEs can be classified into the method of 
moments and discretisation- based methods. To derive the moments of a PBE the following 
definition is used: 
l7max 
Ilk 
J77min 
77 
k((n, t) d7l 
where Ak is the kth moment. Thus for each moment of the whole PBE an ordinary dif- 
ferential equation (ODE) results. [641 Although solution of the resulting ODEs is straight- 
forward, the number of moments used must be limited and where lower order moments 
depend on higher order moments the closure conditions must be carefully chosen. Also, 
the construction of the distribution from its moments is faced with numerical instability. 
Discretisation methods seek to satisfy the PBE only at certain discrete points along the 
internal coordinate. One class of discretisation techniques is the finite difference methods 
(FD) wherein a difference approximation is used to evaluate the PBE solution, thus creat- 
ing a set of ODEs or algebraic equations. Numerical dispersion and spurious oscillations 
are common in this method due to the truncation error that stems from the approxima- 
tion method for the derivatives. In the solution of a PBE describing a crystalliser, Ma et 
al. [65] proposed a customised FD approximation method to avoid these problems. Studies 
by Crowley et al. [66] using FD methods prevented backtracking of errors by considering a 
wide range for the internal coordinate. 
The method of weighted residuals (MV; -R) aims to solve the PBE by approximating 
it by a polynomial basis function in the internal coordinate domain. The residuals of the 
PBE are multiplied by weighting factors and then forced to zero at certain points. The 
weighting factors are dependant on the particular method used. In Galerkin's method 
the weighting factor is identical to the basis function. Collocation techniques employ the 
Dirac Delta function as the weighting function. The points at which the weighted residuals 
are driven to zero are called collocation points, the error involved with the positioning of 
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which can be optimised by choosing the points to be the zeros of an orthogonal polynomial. 
Using a single polynomial to cover the entire internal coordinate domain in the collocation 
technique would necessitate the use of a very high order polynomial, therefore it is more 
efficient to split up the domain into finite elements and employ a different polynomial (of 
lower order) for each finite element. This method, called orthogonal collocation on finite 
elements (OCFE), has been used by various researchers. (67,68,69] Wavelet-based collocation 
methods, [701 have also been employed to solve PBEs. with the ability to deal witli steep 
moving profiles. 
A probabilistic method for the solution of PBEs is the Monte Carlo method. This can 
be applied to either directly evaluate difficult functions or to artificially realise the system 
behaviour. [63] 
A recent method for the solution of PBEs was developed by Immanuel et al., ["I wherein 
a multilevel["] discretisation is applied to the internal coordinate. A decomposition tech- 
nique involving decoupling of sub-process rate models (nucleation, growth and coagulation) 
resulted in a considerable reduction in the numerical stiffness associated with the difference 
in time scales. The overall PBE is then solved using a hierarchical update strategy. 
For application to a special class of aggregation/breakge only PBEs, for example in the 
case of granulation, there are number of discretisation techniques available. Hounslow et 
al. [73] used a geometrical discretisation grid based on particle length, instead of the usual 
volume coordinate. The particles were assumed to exist at a single pivotal point within 
the element of a discretisation grid, whilst their mass and number were conserved. Kumar 
and Ramkrisna [741 developed a volume based discretisation method, with a more general 
and flexible grid with fine or coarse discretisations possible. 
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This thesis is concerned with the experimental controllability analysis and the detailed 
mechanistic modelling of the emulsion polymerisation process. The salient questions that 
will be addressed by the research are: 
1. Can PSD and MWD be simultaneously controlled given process limitations. since 
these are both important controlled variables for the emulsion polymerisation pro- 
cess? 
Is it posstble and prachcal to model the emulsion polymerisation reactor, accounting 
simultaneously for both PSD and MWD? This question will be addressed in light of 
previous works elaborated on in the next chapter, the most relevant of which being 
that of Ray and coworkers. 
[75,76,77] 
3. What is the ideal framework to formulate such a model? 
It is an objective to experimentally analyse the simultaneous controllability of the pro- 
cess in terms of PSD and MWD. The objectives are also to build, solve and analyse a 
dynamic process model and to validate this model with experimental data, towards pro- 
viding for a model-based approach to Process control applications. The practicality of 
model solution in combination with availability of process measurements. will be consid- 
ered. The strong dependance of latex end-use properties on PSD and MWD forms the 
basis for the selection of PSD and MWD model output variables. 
The thesis is organised as follows: 
Chapter 2 contains a literature review pertaining to the elements of the above questions. 
Discussion evolves around modelling of the emulsion polymerisation process to date with 
regard to early empirical models, such as the classical Smith and Ewart theory. lumped 
models and distributed models. Particular attention will be paid to the aspect of compart- 
mentalisation and studies into the effect of this phenomena on the process. Furthermore, 
a review of efforts to establish the state of controllability of the process will be giN-en. 
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Chapter 3 presents the development of a combined PSD and NINN'D model. The chapter 
will detail the development of both parts of the model together with their solution. An 
analysis of the model results will be given, including a preliminary insight into the effect 
of compartment alisat ion in this heterogenous process. 
Chapter 4 presents an experimental study into the controllability of PSD and -NINVI). 
Four main inputs: initiator, monomer, surfactant and CTA are perturbed and the resul- 
tant latex characteristics are analysed in detail, including PSD, -NINVI) and solids fraction. 
Following on from the experimental studies is a model validation exercise, wherein the 
model developed in chapter 3 is compared to the experimental data. 
Chapter 5 aims to give an insight into the effect of compartment alisation on the process 
model predictions through the development of a more rigorous version of the PSD model, 
which differentiates between individual particles based on the number of radicals instead of 
assigning the same average value of radicals/particle to all particles. This model is solved 
and simulation results are compared to experimental results, together with results from 
the model developed in chapter 3, in a bid to elucidate the effect of compartment alisation 
on growth, a factor highlighted in chapter 3 as being at least partly responsible for some 
of the model validation mismatches. 
Chapter 6 concludes the work, drawing together learnings and addressing the extent to 
which the above thesis objectives have been answered. It is followed by a description of 
corollary work. 
Chapter 2 
Literature Review 
2.1 Introduction 
This review covers emulsion polymerisation modelling, starting with the early models and 
lumped parameter models, followed by a more in depth review of models that account 
for full PSD, MWD or both together. An account of works that investigate the com- 
partmentalisation phenomena will also be given. The final section covers the aspect of 
controllability in emulsion polymerisation. 
2.2 Early Process Modelling 
The first notable descriptions of emulsion polymerisation were made by Harkins, [78,79,141 
owing to work carried out at the Research Laboratory of the United States Rubber Com- 
pany at Passaic, New Jersey. These descriptions provided a framework for future quan- 
titative modelling. The different phases arising in a emulsion polymerisation were distin- 
guished and evidence was presented for the initiation process occurring in the aqueous 
phase. Nucleation was defined as occurring either in the aqueous phase (homogenous nu- 
cleation) or in micelles (micellar nucleation). The principal locus for polymerisation was 
defined as being in monomer swollen polymer particles. The work also indicated that the 
emulsified droplets of monomer did not serve as loci for nucleation, but as 'reservoirs' 
supplying monomer to particles. 
Based on the Harkins' framework and experimental data, Smith and Ewart 1801 con- 
34 
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structed an empirical model for the process. The model encompassed the kinetics of 
polymerisation reactions occurring in isolated loci. Particle number was derived based on 
micelles being the origin of new particles. Owing to the difficulty of providing a general 
solution to the model, three limiting cases were defined: 
I Number of radicals per particle << 1 
11 Number of radicals per particle -- 0.5 
III Number of radicals per particle >> 1 
Case II was particularly of interest as it applied to the polymerisation of styrene under 
normal conditions. Smith and Ewart derived an empirical relationship between the number 
of particles, the rate of polymerisation and the surfactant concentration: 
k (P/P)2/5 (a, S) 3/5 
0.37 <k<0.53 
(2.1) 
where N is the number of particles per litre of water, a, is the surface area occupied 
by unit weight of emulsifier, S is the weight concentration of surfactant, p is the rate of 
aqueous radical generation by initiation and p is the volumetric growth rate of particles. 
Gardon produced a series of papers[" 
82,83,84,85] 
which were to review and subsequently 
modify the theory of Smith and Ewart. Key assumptions were retained; most impor- 
tantly that polymerisation occurred within monomer swollen polymer particles, initiation 
occurred in the aqueous phase and micelles provided a loci for particle nucleation. Pa- 
rameters were chosen with bias towards those that could be experimentally verified. The 
kinetics of slow termination were studied by relaxing the condition that implied the in- 
stantaneous termination of radicals upon particle entry. A varying particle volume was 
modelled by considering the growth of particles to be a function of the number of radicals 
contained. A more general solution to the Smith-Ewart formulation was 
later provided by 
Stockmayer, [861 which was further modified by O'Toole. 
[87) 
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Harada [881 developed a model of emulsion polymerisation, again based on the Smith- 
Ewart theory. A more accurate estimation of the number of particles was achieved and 
the nucleation events were analysed in detail. Many commercially important monomers 
did not fit the classical Smith-Ewart theory, such as vinyl chloride, vinyl acetate and 
butyl acrylate. Also, the early models based on Smith-Ewart theory did not give accurate 
predictions at the extremes for the number of radicals per particle, i. e. <<0.5 or >>I. 
2.3 Lumped Parameter Modelling 
A lumped model contains parameters that are assumed to apply over the entire region 
being modelled. When applied to model particles in emulsion polymerisation, such a model 
assumes all particles to be of the same average size. Moments can be used to approximate 
the full PSD or MWD. The advantage of using a lumped parameter modelling approach 
lies in its relative computational simplicity. The following models involve mass balances 
over the system components and evaluate the number of particles. Particle growth rate is 
calculated based on a consideration of the Smith-Ewart theory. 
Dimitratos et al. [89,901 recognised the problem of controlling copolymer composition in 
emulsion polymerisation and formulated a model of the process, to act as a state estimator 
via a Kalman filter. The model incorporated Smith-Ewart case 3 kinetics, and solved for 
monomer partitioning using a rigorous thermodynamic approach. Urretabizkaia[911 also 
modelled polymer composition, but for a terpolymer system, assuming thermodynamic 
equilibrium and using an approach involving partition coefficients. 
Nomura et al. 
[92,93] 
showed that the Smith-Ewart theory could not properly predict the 
rate of polymerisation exhibited by a styrene/methyl methacrylate copolymer system and 
attributed it to the lack of desorption information. Based on this idea, they developed an 
expression for the rate of radical desorption from polymer particles and incorporated it into 
a seeded copolymerisation model. An average number of radicals per particle of < 0.5 was 
assumed. They demonstrated that desorption did not affect copolymer composition, whilst 
desorption of methyl methacrylate, due to its solubility, effected the rate of polymerisation 
and hence the particle growth rate. The highly insoluble monomer, styrene. did not have 
such an effect. Forcada and Asua 
[94] studied a similar copolymerisation system. albeit 
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unseeded. They modified the desorption kernel to properly account for experimental data, 
where the previous model had failed. 
Richards et al. [951 developed a model that accounted for partial PSD. monomer con- 
version, copolymer composition and molecular weight in an emulsion system. The model 
was validated by comparison to styrene and styrene/methyl methacrylate systeins-. and 
covered both batch and continuous modes of reactor operation. Casella et al. (961 employed 
a lumped parameter modelling approach to create a simplified yet general model, with 
a reduced number of adjustable parameters, applicable to a range of copolymerization 
systems. 
Cao and Penlidis [97J developed a lumped parameter model incorporating Smith-Ewart 
type kinetics, able to simulate average particle diameter, conversion, and average molec- 
ular weight. They gave a thorough review of the modelling literature, compiling their 
model equations from the best parts of the literature as they proceeded, with the aim 
to balance modelling detail and solution efficiency. The model incorporated a detailed 
thermodynamic description of monomer partitioning. The model was made available as 
a software simulation package, a notable feature being the extensive database of param- 
eters for several systems that was appended to the simulator. The model was used to 
successfully simulate a range of experimental conditions. 
2.4 PSD Modelling 
Among the pioneering efforts to model the full PSD, using a population balance framework, 
was the work of Min and Ray. [751 Their model accounted for PSD, together with MWD. 
The model covered batch and continuous systems. The kinetics of single monomer systems 
were incorporated. They considered monomers with a good range of solubilities. Polymer 
particle volume was taken as the internal coordinate for the population balance. The 
number of radicals per particle was modelled based on a mechanistic balance over polymer 
particles. The inclusion of particle coagulation made this work a more realistic account of 
the emulsion polymerisation process. The model was based on the assumption that PSD 
influenced MWD, but no reverse influence was accounted for. The results were shown to be 
insensitive to the application of the steady-state approximation to the complex equations 
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describing the aqueous-phase radicals. In the absence of experimental validation, they 
showed that their model could be reduced to the form of previously studied systems. such 
as that of Sundberg and Eliassen, [981 whose model, in their opinion was the most general 
of it's time. They also showed that a reduced instance of their model approximated to a 
classical Smith-Ewart case. 
Kiparissides et al. 1991 studied continuous emulsion polymerisation systems and formu- 
lated a PSD model via particle age distribution. The model was able to simulate particle 
number, particle surface area, free surfactant concentration and from this the amount 
of homogenous and micellar nucleation. Sustained oscillation behaviour, assumed to be 
caused by periodic nucleation, was captured. 
Stevens and Funderburk[1001 developed a model for continuous systems. They used 
three different rate kernels, which enabled model application over a range of conversions. 
The model was able to predict PSD, with analytical solutions given to the population 
densities based on Smith-Ewart, Medvedev or Stockmayer kinetics. Araujo et al. 11011 also 
developed a continuous emulsion polymerisation model accounting for PSD in copoly- 
merisation systems. The model encompassed the mechanism of coagulation, based on 
the assumption that two distinct particle populations existed: one that coagulated and 
another stable. The model enabled simulation of complex dynamic behaviour, typical of 
continuous reactors. 
Rawlings and Ray [76,1021 extended the work of Min and Ray. They retained the general 
form of the previous model and explicitly solved for the entire PSD using a collocation 
technique. They were able to model continuous steady-state multiplicity. sustained oscil- 
lations, and ignition and extinction dynamics, advancing the theoretical understanding of 
these phenomena. Experimental accord was achieved under a variety of monomers and 
over a range of operating conditions, with minimal parameter manipulation. Despite the 
many complex reactions that constitute emulsion polymerisation, until this time very lit- 
tle progress had been made in elucidating the sensitivity of the system to each reaction. 
With this in mind, Rawlings and Ray carried out a parametric sensitivity study using 
their model, and concluded that the system was particularly sensitive to the gel effect as 
well as the propagation, termination and initiator decomposition kinetic constants. It was 
also noted that although alternative mechanistic approaches yielded similar overall conver- 
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sions, they computed very different PSDs- evidence of the need for further understandintg 
with regard to the underlying mechanisms that determined PSD. 
Lichti et al. (1031 developed a model, encompassing the effect of PSD on growth. Theý- 
extended the Smith-Ewart equations to account for the size dependence of particle growth. 
They demonstrated analytical solutions to the partial differential equations that consti- 
tuted their model. Two cases were studied: (1) constant ab-initio nucleation (Smith-Ewart 
case 1) and (2) Seeded polymerisation (Smith-Ewart case II). The equations developed were 
generalised to describe the growth of colloids, in which the kinetics could be defined in 
terms of some property of the particles. 
Although lumped models of copolyme7-isation existed, Chen and WU [104] were the first 
to publish a theory of copolymerisation in a distributed framework. They used an anal- 
ogous model structure to that developed by Lichti, [103] which incorporated Smith-Ewart 
kinetics and dynamically described particles with respect to the number of radicals they 
contained and the volume of the particles. The homopolymerisation model of Lichti was 
modified to account for reactions occurring as a result of the presence of two different 
monomers, resulting in an intractable balance over particles with respect to the number 
and type of radicals contained and the volume of the particle. This balance was simplified 
by assuming that propagation was rate limiting (Ballard [105] ) and ignoring other kinetic 
events. The model was used to explore seeded 0-1 and 0-1-2 systems, and was able to sim- 
ulate complex bimodal PSDs. With a similar objective to Chen and Wu, Storti et al. 1106, 
developed the pseudo-homopolymerisation approach, which was designed to simplify the 
consideration of multi-monomer systems. Working with balances that characterised par- 
ticles by the number and type of radicals contained in each particle, Storti et al. provided 
a basis to simplify the balances with respect to those accounting for polymer type. It 
was reasoned that the interchange between polymer types, due to cross-propagation, was 
much faster than transitions occurring between radical number based populations due to 
entry, exit and termination reactions. Therefore, a measure of the degree of polymerisation 
of a particular polymer type could be approximated via steady state relationship involv- 
ing the ratios of polymer reactivity. This approximation was considered reasonable for 
most systems, and thereby considerably reduced the work load in solving for the complete 
PSD. Experimental data for polymer composition and conversion was used to validate 
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this theory. The principles developed by these authors were instrumental in the future 
development of models., specifically those accounting for multiple monomers. 
The model of Saldvar et al. [77,107] was a most comprehensive extension of Nlin and 
Ray's model. Its population balance framework incorporated copolymer composition dis- 
tribution, PSD and MWD. The model exhaustively accounted for process kinetics. As in 
Min and Ray's model, a one-way dependence of MWD on PSD was assumed. The complex- 
ity of the model made it fairly intractable, therefore two main simplification techniques 
were applied to the model, which enabled its solution: the pseudo-homopolymerisation 
approach was employed to simplify balances over radical type, and an average radical 
number per particle equation was derived, which simplified balances over radical number, 
eliminating the use of discrete radical coordinate in the PBE. The simplifications thereby 
reduced the dimensionality of the population balance, whilst retaining the mechanistic 
description of the process. Solution of the simplified model was achieved via a modified 
discretisation technique based on that of Rawlings et al. [761 Comparison of the model pre- 
dictions for particle size distribution and conversion were made with several experimental 
styrene-based copolymer systems, with manipulation of initiator and surfactant concen- 
trations, water to monomer ratio, monomer composition, and temperature. The practical 
applicability of the model was demonstrated, but as the authors pointed out, due to the 
highly complex system, dynamic model validation over a set of experimental data wa's 
difficult. 
Immanuel et al. [691 developed an efficient PSD model, drawing on the computation 
saving model reductions made by Saldvar et al. The homopolymerisation approach was 
implemented, together with a mechanistic balance over the number of radicals per parti- 
cle. The PBE was solved using a collocation-based discretisation technique, and resulting 
data compared to a semi-batch copolymer system, with good overall accord between solids 
fraction, conversion and PSD. Through a parametric sensitivity analysis, key surfactant. 
monomer and initiator properties, together with their non-linear influence on the process 
were highlighted. Immanuel and Doyle 
(711 also incorporated the dynamics of coagulation 
into their model. They developed a solution algorithm, applicable to population bal- 
ances in general, that effectively decomposed the process into the substituent processes 
of growth, nucleation and coagulation, thus removing the stiffness associated , vith the 
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differences of time-scale of these processes. The model was geared towards control ap- 
plication, with a further reduction in computational time brought about b. ý the work of 
Sun and Immanuel [721 A multi-level discretisation of the particle size domain was effected, 
and tailored based on sensitivity towards each of the growth, nucleation and coagulation 
mechanisms. 
Coen et al. [1081 developed a model for PSD and particle number, incorporating a com- 
prehensive radical balance and transient nucleation dynamics (homogenous and micellar 
nucleation). They adopted a 0-1 approach, compared to the more general approach of 
the previous two models. The model contained a detailed kernel accounting for particle 
coagulation. The kernel accounted for the presence of ionic surfactant and was based on 
the precepts of the DLVO theory. Good accord was obtained between model and exper- 
iment. It was also found, via experimentation, that by substituting non-ionic surfactant 
for ionic surfactant, for an otherwise identical system, led to appreciably different restilts. 
Immanuel et al. 11091 developed a coagulation rate kernel for systems with steric stabilisers 
and implemented it in the framework previously discussed. [71,69] 
A methodology for modelling PSD in a seeded emulsion polymerisation was developed 
by Reynhout, 1`0,1111 using the 'radical-particle size distribution approach'. Radicals were 
described in terms of their chain length and the class (size and total radicals) of particle 
containing them. The equations describing the polymerisation system were solved using 
the Galerkin finite element method. The model was able to simulate PSD and chain length 
distribution over discrete radical classes. The model was also able to simulate conditions 
wherein the gel effect was predominant. Validation was carried out for a seeded styrene 
system and a styrene/methyl acrylate copolymer system. The model is available in a 
commercial emulsion polymerisation simulation package (PREDICI). 
2.5 MWD Modelling 
MWD models in the literature fall into two categories; ones that rely on an average partIcle 
size to evaluate the relevant entry and desorption kinetics and ones that incorporate the 
interaction that underlies the description of PSD and MWD. The latter category consists, 
of only a few works. albeit valuable and necessary contributions. 
One of the reasons for 
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the lack of papers that account for the MWD dependence on PSD is the increase in model 
complexity and hence solution time required when considering such a dependence. 
Sayer et al. [1121 formulated a model for MWD. They assumed that the polymer parti- 
cles were monodisperse and that pseudo-bulk kinetics applied, that is, the radical number 
within particles is large and that an average measure of the number of radicals per particle 
was sufficient to capture termination dynamics. The model i, "-as solved using a polyno- 
mial approximation technique. Experimental validation wa's carried out using a methyl 
methacrylate/butylacrylate copolymer system. 
Tobita et al. [113] utilised a probabilistic method, namely the Monte Carlo technique, 
to simulate MWD. They incorporated detailed kinetics, and exploited the ease of incorpo- 
ration of mechanistic detail within the Monte Carlo technique to model the chain length 
dependence of kinetic parameters. Smith-Ewart kinetics were used to obtain the average 
number of radicals present in particles and consequently evaluate a size independent parti- 
cle entry rate. An efficient algorithm was used to deal with the various decisions regarding 
the fates of radicals. Influx times were calculated, followed by calculation of growth time 
based on the probabilities of chain transfer and termination. This calculation continued 
until radical desorption, and then restarted via an entry event. In accounting for detailed 
individual molecular level events, this work presented a confirmation that chain transfer 
to polymer indeed had a strong effect on the MWD of the simplified systems studied. 
Gianetti et al. [114] presented a MWD model incorporating Smith-Ewart kinetics for a 
0-1 system. They reformulated the Smith-Ewart equations for a copolymer system using 
the pseudohornopolymer [1061 approach. The model output consisted of a three dimensional 
distribution of chain length and chemical composition. Average molecular weight was 
calculated with comparison to experimental data. 
Storti et al. [115,116] modelled MWD using the probabilistic approach of Markov chains. 
A system consisting of monodisperse particles was assumed. Due to the adopted approach, 
which allowed a coordination of the time distribution of the 'Markov process with the 
MWD, the model could be applied to systems with any number of reacting species or 
any number of radicals per particle. The complexity of the resulting equations 
limited 
application to 0-1 and 0-1-2 systems, and also precluded accurate modelling of chain 
transfer reactions. 
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Of the second class of MWD models, that account for the interaction between PSD and 
MWD, is that developed by Min and Ray. [751 The homopolymerisation model consisted 
of two parts: a PSD model (described in section 2.4) and a dependent MWD formulation 
ba, sed on a population balance framework. The live and dead polymer chains Nvere de- 
scribed in terms of length and the total number of radicals contained Nvithin the particle 
that housed them. A wide range of reactions were accounted for. The model was appli- 
cable to batch and semi-batch systems. The full framework was found to be intractable 
and no solutions were offered. Min [1171 addressed the solution of a similar set of '_\INVD 
equations by applying the method of moments. He was able to independently solve the 
equations for live and dead chain balances. 
Saldfvar et al. [77] further refined the aforementioned model, comprehensively account- 
ing for process kinetics, and also addressing copolymerisation systems. A complete frame- 
work for MWD was developed, as well as a simplified pseudohomopolymer version of the 
MWD model. A similar modelling framework to that of Min and Ray was derived for the 
polymer chains, with the addition of a chain branching function. A most complete range of 
kinetics were covered, including reverse propagation, transfer to monomer/CTA/polymer, 
reinitiation, termination, inhibition, micellar/homogenous nucleation, backbiting and scis- 
sion after intramolecular transfer, and the creation of terminal and internal double bonds. 
Like in the PSD case, no solution was offered to the full MWD model. Also, having 
identified the complexity of the pseudo-hornopolymer MWD equations, a dimensionality 
reduction in the form of the method of moments was used. Problems arose due to the 
dependance of lower order moments on the higher order moments. Min[117] circumvented 
the problem by not taking moments for the radical index. This was not however possible 
in the model of Saldivar et al. [771 because the live and dead polymer populations could not 
be solved independently; the partial moments were thus derived. The model of Saldivar et 
al. was compared to several experimental copolymer systems, including methyl methacry- 
late/styrene, wherein an acceptable level of accord between average molecular weights 
resulted. This work not only served as a detailed and thorough basis for future works, but 
highlighted the importance of accounting for at least a one-way dependence of "NINVI) on 
PSD. 
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2.6 Compartmentalisation Modelling 
44 
Compartment alisation is the phenomenon that allows high molecular weights to be ob- 
tained in an emulsion polymerisation system, without having to sacrifice polymer growth 
rate. In a bulk polymerisation a polymer radical that is growing may terminate via bi- 
molecular termination with any other radical that exists in the system (at least at low 
viscosities). The segregation provided in emulsion polymerisation precludes termination 
between two radicals contained in separate particles, the effect of which may be to de- 
crease the amount of termination that occurs, in comparison to an equivalent unsegregated 
system. In theory, as a segregated system approaches very high numbers of radicals per 
particle, the relationship between radicals may be approximated by using average radical 
numbers. However, in systems, where the number of radicals per particle is low, this 
assumption may not be valid. This section will focus on MWD models developed with a 
specific interest in analysing the compartmentalisation phenomenon. 
Arzamendi et al. [1181 developed a copolymerisation MWD model that accounted for 
chain transfer dynamics leading to branching. The model was based on the tendency model 
of Villermaux and Blavier, 11191 with influence from the probabilistic approach developed by 
Storti et al. [115,1161 based on Markov chains. The average molecular weight was calculated 
based on the leading moments of the distribution. It was found that large disparities in 
molecular weight resulted from not accounting for compartmentalisation. 
In a subsequent paper, and as a departure from the classical modelling approach of 
resolving intraparticle molecular structure in terms of individual polymer chain units. 
Arzamendi et al. [1201 developed a model based on the so-called 'partial distinction ap- 
proach'. In this approach, radicals were lumped into one of two groups; 'short' and 'long". 
Smith-Ewart kinetics for a 0-1-2 system were applied. Criteria were established to deter- 
mine the numbers of short and long chains present in particle, based on an appreciation of 
the kinetics of the system. The MWD equations resulting from this treatment were some- 
what complicated and therefore subjected to a dimensionality reduction via the method of 
moments, to yield weight and number average molecular weights. An attempt was made to 
determine the conditions where compartment alisation became evideiit. Four models "-ere 
assessed, each accounting for the compartment alisation phenomena to a different degree: 
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I Psuedo-bulk 
Semi-compartmentalised 
3 Partial distinction (Arzamendi et al. ) 
4 Lichti double-distinction 
___ 
4_5 
The comparison between models showed that the predictive capacity of the pseudo- 
bulk model was accurate only where compartment alisation wa's negligible (i. e. the number 
of radicals per particle was large). The predictions of the semi-compartmentalised models 
were accurate in all but highly compartment alised cases. Experimental error in measuring 
MWD was deemed to be an appreciable factor in evaluating the models, where differences 
due to compartmentalisation were small. 
In an effort to rigorously account for compartmentalisation in emulsion polymerisation, 
Lichti et al. [1211 introduced the concept of the singly and doubly-distinguished particle. 
Equations were derived for singly- distinguished particles, with Ni (t, t/) being the distribu- 
tion of 'distinguished' latex particles. These particles were defined as those inside which 
a polymer chain (a 'distinguished' chain) began growing at time t and was still growing 
at time t+ t', the state of the particle (number of radicals contained) at this time being 
i. This formulation was enough to account for all chains in systems where bimolecular 
termination was absent, however the dependance of termination on compartment alisation 
was an important factor to consider. Therefore, to incorporate bimolecular termination, 
the doubly distinguished particle was introduced: N, (t, t', t"), specifying the number of 
particles which at time t+t, + t" were in state i and contained two distinguishing poly- 
mer chains- the longer of which began growing at time t, and the shorter, at time t+t,. 
The resultant equations were solved analytically for a case wherein particle growth and 
concentration were negligible, giving the chain growth time distribution (proportional to 
MWD). The results of this analysis were thought to be equally applicable to a system in 
which these conditions were relaxed. It was found that polydispersity was increased due 
to compartmentalisation, however not so in the case where chain transfer was dominant. 
Ghielmi et al. 
[122,1231 
and Butte et al. [124,125,1261 developed models for "-\INN-D- Butte et 
al. reformulated the singly and doubly-distinguished particle equations using chain length 
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instead of growth time. The importance of directly solving for the entire distribution was 
demonstrated by simulation of a bimodal MWD, resulting from short-long polymer chain 
bimolecular termination, a characteristic of 0-1 systems. Ghielmi extended Lichti's model 
structure by incorporating a further coordinate to account for branching. It was shown 
that significant errors in MWD estimation could be made in neglecting the compartmen- 
talisation phenomenon. This effect was particularly apparent when the number of radicals 
per particle was small. 
As mentioned in Section 2.4, Reynhout et al. ['10,1111 modelled PSD in a seeded systeiii 
using the 'radical-particle size distribution approach". They modelled chain length distri- 
bution with respect to 9 discrete radical classes, that is, up to 9 radicals per particle INrere 
allowed. A key model feature was the compartmentalisation factor. a lumped parame- 
ter, which accounted for the degree of segregation on the overall polymerisation rate and 
therefore the average chain length by using several moments of the PSD. The compart- 
mentalisation factor was derived for several scenarios, including Smith-Ewart case L 11 
and 111. Results showed that compartment alisation strongly effected the PSD. It was also 
noted that for some cases, the maximum value of 9 radicals per particle was insufficient 
to capture the process dynamics. 
2.7 Controllability 
Emulsion polymerisation presents a classical problem in multi-objective and distribution 
control. Several candidate manipulable variables exist, which influence the main sub- 
processes of nucleation, growth and coagulation in a complex and often non-intuitive 
manner. The difficulty in controlling the system lies in the coupling effects between PSD 
and MWD. The feasible range of control of output variables is therefore limited, making 
it necessary to understand further these coupling effects and elucidate feasible operational 
regions in a practical sense. 
Formal PSD controllability studies on a continuous emulsion polymerisation system 
by Semino and Ray [127] identified that surfactant, initiator and inhibitor ensured a Nvide 
system controllability in an unconstrained case. They discussed the coupling of initiator 
and inhibitor to create a manipulated variable with effective positive as well as negative 
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values. In a subsequent paper, [1281 they developed successful control strategies for the 
constrained case using choices for pairings of the manipulated variables (previously iden- 
tified) and controlled variables. In industry, complex PSDs are often desired, for example 
to maximise packing fractions in a latex. In practice, the maximum attainable packing 
fraction is limited to that generated by a bimodal particle distribution. The disparities 
between theoretical possibilities and actual attainable product specifications can be ad- 
dressed by control studies relating to generation of complex PSDs. Crowley et al. 1129i 
studied the optimisation of surfactant feed profile to drive the process towards a bimodal 
target distribution. They were successful in reaching a bimodal distribution and found 
that using a variable most closely related to nucleation (free surfactant concentration 
above the critical micelle concentration) gave the best results. In a later paper, 'Meadows 
et al. [1301 developed a model for emulsion polymerisation under non-isothermal conditions. 
They highlight the advantages of utilising semi-batch experimental data for more accurate 
parameter identification compared to using batch systems. Furthermore, they identified 
temperature as a variable with the ability to direct the process towards a specified PSD. 
Liotta et al. [1311 developed and validated a model for a bidisperse system, with two over- 
laid monodisperse PSDs. With constrained monomer concentrations, they specified the 
reachable regions for different diameter ratios of seed particles. Growth was determined 
to be a suitable tool for manipulation of particle size, with semi-batch systems giving the 
maximum possible diameter ratio trajectories. Based on this bidisperse system, they also 
developed a control algorithm[57] using a Kalman filter and a nonlinear model predictive 
controller (MPC). 
Towards advanced MWD control analysis, Ahn et al. [132] studied solution polymeri- 
sation, in which an extended Kalman filter-based non-linear MPC was used to control 
average molecular weight and conversion via manipulation of temperature and feed flow 
rate of a continuous reactor. Crowley et al. 
[133] studied the effect of using temperature as 
a control variable in a similar manner. An MWD model of emulsion polymerisation was 
developed by Echevarria et al. [1341 and implemented within a non-linear control scheme 
to calculate the optimised feed profiles for monomer and CTA feeds. They were able to 
achieve complex bimodal MWDs- Vicente et al. 
[135] controlled the _MWD of copolymers 
by maintaining calculated trajectories of monomers and CTA. Vicente et al. 
11361 also im- 
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plemented dynamically optimised monomer and CTA feed profiles for the simultaneous 
control of copolymer composition and MVVD. 
A recent paper by Immanuel et al. [13'] addressed the controllability of PSD in emulsioil 
polyrnerisation for a vinyl acetate/butyl acrylate (VAc/BuA) copolymer systeni with a 
redox initiator pair and non-ionic surfactant. The main conclusions to come from this 
work were that control of multiple process inputs i. e. monomer and surfactant, were 
essential to tailor the PSD and that a hierarchial control strategy exploiting the sub- 
processes of nucleation, growth and coagulation was possible. Aspects of irreversibility 
were demonstrated, such as those arising from enhanced coagulation, and limitations with 
respect to the kind of PSI)s that could be produced were highlighted. A continuation 
on the theme of types of PSD amenable for feedback control was presented in a paper 
by Immanuel et al. [13'1 The context of the paper was multiscale inferential control of 
latex rheology via PSD. Herein, certain feedback controllable cases were assessed as well 
as those cases where process corrections were not possible, therefore motivating use of a 
detailed process model for batch-to-batch control. This work however did not consider 
MWD influence. 
The interaction between PSD and MWD in emulsion polymerisation has received very 
little attention. Of the few works addressing this important aspect. Zeaiter et al. 1139, devel- 
oped and experimentally validated a dynamic population balance model for a semi-batch 
system employing 0-1 kinetics. Model sensitivity analysis, supported by experiments, 
showed that monomer feed rate affected growth and PSD, however had little effect on 
MWD. Furthermore, temperature had a profound influence on MWD. In a later paper., 
Zeaiter et al. [140) carried out a comprehensive multiobjective control study of emulsion 
polymerisation. They developed an MPC algorithm using a dynamic model as a soft-sensor 
for on-line control of polymer PSD and MWD, implementation of which was carried out 
using capillary hydrodynamic fractionation (CHDF) to measure PSD and gel permeation 
chromatography (GPQ to measure MWD- 
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PSD & MWD Model 
This Chapter presents the theoretical development of a combined PSD/MWD model. TlIe 
general chapter layout will be as follows: Firstly, the PSD model structure and solution 
technique will be presented, followed by the MWD model and solution technique. A 
sensitivity analysis of the model will then be presented, including a preliminary analysis 
of the model response to effects of compartmentalisation. The contents of this chapter 
were partly published in Macromolecular Symposia. ['O 
3.1 PSD Model Structure 
The model developed in this section has been developed with particular reference to the 
modelling work by Saldivar et al. [771 and Immanual et al. [-"] A vinyl acetate/butyl acry- 
late (VAc/BuA) copolymer system with thermal initiator. ionic surfactant and CTA is 
modelled. A difference in this work is that it develops and incorporates a coagulation 
kernel for ionic surfactants [1081 within the overall coagulation scheme. [711 
The PSD model is formulated based on a PBE framework. Semi-batch component 
addition is modelled for initiator, monomer, surfactant and CTA. Isothermal conditions 
are assumed. The overall kinetic scheme is given first. It should be noted that chain 
transfer reactions to polymer are not considered due to the computational intractability 
that this reaction would lead to in terms of the 'MNVI) model described later. When CTA 
is present the effect of this assumption is considered to be minimal. but may lead to errors 
where CTA is not present. An account of the pseudo-homopolymer approximation is then 
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given. Dynamic mass balances over the system components are then developed, including 
a consideration of partitioning effects in the heterogenous system. PSD information is 
then incorporated via a one-dimensional population distribution of the polymer particles 
with respect to their size, in combination with a population distribution of the total live 
polymer radicals/particle. Finally, the solution technique for the PSD model is given. 
3.1.1 Kinetic Scheme 
Kinetics Mechanism 
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where w denotes aqueous phase, p denotes particle phase, 
I is initiator molecules, R iý, 
free-radicals, Mi is monomer of type i, A is chain transfer agent, P1 - is live aqueous phase wt 
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polymer chains of type i and length 1, PO is aqueous phase monomeric radicals derived wA 
from transfer to CTAI Npli is live particle phase polymer chains of type 1 and length 1, , \" PA 
is polymer phase monomeric radicals derived from transfer to CTA. D' is dead polymer 
chains of length 1, j, is the critical chain length required for an aqueous phase oligomer 
to homogenously nucleate [see nomenclature for full list of kinetic constants]. 
3.1.2 Pseudo-homopolymerisation Approximation 
The kinetics of copolymerisation systems (containing two monomers) are incorporated 
by using the pseudo-homopolymerisation approximation developed by. [106,77,1 The pseudo- 
homopolymerisation equation for the aqueous phase is given as: 
k' 
Pwl : -- k' 
p2l+ 
ktwr 
21 
1 Mw 1 
p2l+ 
kw2l [Mwll+ kpw, 
2+ 
kw [mw2l 
tr tr12 
(3.1) 
where kw. - and k' -- are the propagation and chain transfer constants for chains of type z P13 trz3 
with monomer of type j in the aqueous phase. Pw2 is defined as 1- pwl. 
The particle phase consideration of the pseudo-homopolymerisation approximation is 
derived analogously to that in the aqueous phase: 
Pi - 
kp2l+ ktr2l [Mpl] 
kp2l+ktr2l [Mpll + kpl2+ktrl2 [mp2l 
(3.2) 
where kpij and ktrij are the propagation and chain transfer constants for chains of type i 
with monomer of type j in the particle phase. 
This method greatly simplifies the mass balances for system components. The pseudo- 
homopolymer probabilities are multiplied by the total amount of live polymer in each 
phase, to distinguish between the different classes of polymer i. e. that with an end group 
constituting either type 1 or type 2 monomer. 
3.1.3 Aqueous Phase Radical Balances 
Dissolved aqueous phase initiator molecules decompose under heating to produce initiator 
free-radicals. The free-radicals Produced may either react with the sparing amount of 
monomer dissolved in the aqueous phase or encounter another aqueous phase species and 
undergo termination. The aqueous phase dynamic mass balances over initiator molecules 
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and initiator free-radicals are given by: 
[142,143] 
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where V,, q is the aqueous phase volume and ui is the molar flow rate of initiator molecules 
into the system. 
The mass balances for the various aqueous phase oligomer species are given by: 
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The monomeric radicals produced by chain transfer to monomer and to CTA are 
lumped into a single variable, pOT. w* 
POT = pO + PO ww wA 
[pOTJV 
w aq) 
dt 
icr -1 
tr 
I IV W[p OTIV 
Ew aq 
(ýw + ýtwrA) E lpwt aq - 
ýp 
1=1 
icr-1 2 
[pOT] [pt + eO, i wwVw - kw pw, 
[pOT] 
t( 
1=0 
[Rwl 
) 
aq 
i=l 
m 
CmicelleVaq 
rr 
rmax 2 
eo (r)pwi [PwOT IF (T-, t) dr 
-rnuc 
rmax h(r, t)F(r, t)kd-%Ij(r)dr (ktpr + 
tpr A) 
fr--rnuc 
kdMi (r) + 1: 2 1 kpil[Mpl] 1= 
(3.6) 
(3-71) 
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d([Pwn]V, q) kw (ýp, -j] _ [pn]) Vw n]V r[p w tr g kw aq dt pw aq 
2 max 
-n iPwi[PwnjCmicelleVaq -E en 
(r)pw i [Pwn ]F (r, t) dr M 
fr=rnuc 
kw [Pwn] [Pwl] + [Rwl) Vaq t 
(n - 2,3, ..., Jcr-1) 
53 
(3-8) 
where C,, i,, Il, is the concentration of micelles. The aqueous phase pseudo- 
homopolymer 
rate constants are given as: 
kw tr 
22 
kwijp, i [Mwj] tr 
(3-9) 
i=l j=l 
kw p 
22 
kw. Pwi Imwi 1 pli 
(3-10) 
j=l 
kw t 
22 
(kw ij + k' ij)p, ipwj tc td 
(3-11) 
i=l j=l 
kw trA 
2 
trAiPwi [Aw] kw 
(3-12) 
Analogous to those for the aqueous phase, the part%cle phase pseudo- homop olymer rate 
constants are given as: 
ktr = 
22 
ZEktrijPi [mPjl (3.13) 
i=l j=l 
ktrA 
= 
2 
EktwrAiPi IAPI (3-14) 
i=I 
kp 
22 
=ZZ 
kpijpi [Mpil 
i=l i=l 
kt 
2 
(ktcii + ktdii)PiPi (3-16) 
ktc 
22 
ktcijpipj (3-1 1) 
ktd 
22 
ktdijPiPi (3- 1, S) 
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3.1.4 Monomer Balance 
The dynamic mass balance for monomers in a semi-batch copolyn-ier reaction sýýsteni. with 
monomer feed is given as: 
dm. icr-1 
1 [M jj Z [pn] - umj - (k', + kw w 
Vaq 
dt pii trijPwi w 
n=o 
2 
rmax 
- 
E(kpij+ktrij)Pi[Mpjlf 
i! (r, t) F (r. t) dr 
r r =rnuc 
(j = 1,2) 
where uMj is the molar feed rate of monomer j, [Mwjj is the concentration of monomer 
in the aqueous phase and [Mpj] is the concentration of monomer j in the particle phase. 
In order to evaluate the rate of change of monomer, a value for the concentration in each 
phase is needed. Monomer is modelled under equilibrium conditions, wherein monomer 
will partition between the dispersed and aqueous phases. When equilibrium solubility is 
reached in the dispersed and aqueous phases, a separate monomer droplet phase is formed. 
The set of equations below account for the monomer throughout the system phases: 
VI, 
p + 
V2, 
p 
+ Vp == Vp' Particle phase balance 
VI,, + V2,, + V, - Vj Aqueous phase balance 
VI, d+ V2, d -- -: -- 
Vd Droplet phase balance 
Vi, 
p + 
Vi, d + Vi, w -': 
MiMwi Total system monomer balance pMi 
where Vi, p, 
Vi, 
w and 
Vid are the volume of monomer i in the particles, aqueous phase 
VT and monomer droplets, respectively, V' . and 
Vd are the total volume of the swollen PI W 
polymer, aqueous phase and droplet phase., respectively. Partitioning coefficients are used 
,, w/VT to relate these quantities: Vi, p/Vp' == 
Kpi(V, 
W) and 
Vi, d/Vd - (Kdj/Kpj)(Vj, p/VýS). 
The total volume of unswollen particles is given by: 
Vp = NA 
1 rmax 4 
7rr 3F(r, t)dr 
r r=r, _ 
3 
(3.20) 
where r is the radius of the unswollen particles. The relationship between the unswollen 
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and swollen radii is given by: 
3r3 
s MW1[Mpl] 
_ 
MW2[yp2l 
Pml PM1 
where pmi is the density of monomer i. 
3.1.5 Surfactant Balance 
55 
(3.21) 
Surfactants play a number of roles in emulsion polymerisation: they emulsify monomer 
droplets, stabilise polymer particles and take part in particle nucleation. This framework 
incorporates ionic surfactants. Surfactants undergo no reaction within the emulsion poly- 
merisation system, therefore the amount existing in the system is simply equal to the 
amount added. The surfactants will however be subject to partitioning amongst the het- 
erogenous system phases. Ionic surfactants will be present mostly in the aqueous phase, as 
well as adsorbing to the surface of particles. Due to their charged nature, ionic surfactant 
molecules tend not to partition into the organic phases. The Langmuir monolayer theory 
is used to model the adsorption of surfactant to the surface of a particle. The partition- 
ing of surfactant in the system is modelled under equilibrium conditions using partition 
coefficients. The surfactant balance is given as: 
F,, K, dSwAs dSw p Vw Sw + K, Sw Vp" + Ks- Vd +I+ 
KdSw = 
ST (3.22) 
where ST is the total surfactant present in the system, Sw is the surfactant present in the 
aqueous phase, Vw is the volume of the aqueous phase. The second and third terms on the 
LHS account for the partitioning of surfactant into droplets and particles, respectively; 
VPs is the volume of swollen polymer particles, Vd is the volume of the monomer droplets. 
with K, and Kd, being the partitioning coefficients for surfactant between the particles 
and the aqueous phase; and between the droplets and the aqueous phase. These terms 
are expected to be extremely small for ionic surfactants, and are therefore set to zero in 
the model. The fourth term on the LHS accounts for the adsorption of surfactant onto 
the surface of particles, in equilibrium with that in the aqueous phase; IF,, and Kad are 
Langmuir adsorption constants and A' is the total surface area of the polymer particles, P 
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calculated as: 
rr- 
frumax 
47rr 2 NAF(r, t)dr s (3.23) 
nc 
3.1.6 CTA Balance 
The dynamic mass balance for CTA in a semi-batch reaction system with CTA feed is 
given as: 
dA 
2N icr-1 
UA ktwrAiPwi E [Pwn] [Aw] Vq dt 
n=o 
2 
- 
Yk 
max 
trAiPi [Ap] 
fr rr 
ii (r, t) F (r, t) dr 
nuc 
1,2) (3.24) 
where UAj is the molar feed rate of CTA and [A, ]/ [Ap] is the concentration of CTA in the 
aqueous/particle phase, respectively. 
The partitioning of CTA through the system phases is modelled using partition coef- 
ficients, as follows: 
[Awjvaq + [Aw]KdAVd + [Aw]KpAVp' = AT (3.25) 
where Kd is the partitioning coefficient for CTA, between the aqueous and droplet phases, A 
KA is the partitioning coefficient for CTA, between the aqueous and particle phases, Vd is 
the volume of droplets and AT is the total amount of CTA existing in the system. 
3.1.7 System Population Balance 
The population balance equation describing the polymer particles in the system is given 
by: 
a 
F(r, t) +0 
(F(r, 
t) 
dr Rnuc6(r - rnuc) + Rcoag 
at ar dt 
(3.26) 
where F(r, t)dr is the particle density, defined as the moles of particles of a size between r 
and r+ dr at time t. It is assumed that nucleation only occurs at a minimum size. as 
depicted by the delta function. It is assumed that r,, u, is equal to the radius of a micelle, 
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r .. i,. The interchange of particles through coagulation is incorporated through the term, 
Rcoag 
- 
3.1.8 Average Radicals per Particle 
An additional population balance is performed over the the average number of radicals (of 
both types combined) contained in particles: 
a 
(ft(r, t)F(r, t)) -9 t) 
dr ) 
at Or dt 
Rentry + Rdes + Rtermin + Rcoag (3.27) 
where ii(r, t) is the average number of live polymer chains/particle in particles of size 7, 
at time tj Rentry accounts for entry from all particles of size between r and r+ dr. Rdes 
accounts for desorption from all particles of size between r and r+ dr, Rtermin accounts for 
termination inside particles of size between r and r+ dr and Rcoag accounts for coagulation 
of particles. In order to distinguish between the different types of polymer inside particles, 
the pseudo-homopolymerisation approximation is used, analogous to that defined for the 
aqueous phase. For the purposes of this work the above population balance approach 
can be simplified by focussing on a single particle and neglecting growth and coagulation 
effects, giving a fundamental balance over entry, desorption and termination: 
at 
(h (r, t) 4kntry (r) + Rdes (r) -2 Rtermi n (3.28) 
where Rentry accounts for the rate of entry into a single particle of size between r and 
r+ dr, R/ accounts for the rate of desorption from a single particles of size between r des 
and r+ dr and R/termin accounts for the rate of termination within a single particle of size 
between r and r+ dr. The global average number of radicals per particle is defined as: 
f rrnax t) F (r, t) dr r=rnuc 
nglob 
F (r, t) dr fr=rnuc 
(3.29) 
The individual terms that comprise the radical balance over a particle will now be 
detailed. 
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3.1.9 Particle Entry 
Aqueous phase oligomers are able to enter existing polymer particles. The rate constant 
for this phenomena is given as: 
[761 
eli(r) - 47rr" NA D, i, 1=0,1 
eý(r) 47rr'NAD, i/-ýfl --1,1 z-- 2,3 
(3.30) 
(3.31) 
where e1i is the rate coefficient for a radical of type z. (i = 1,2) and chain length 1. 
(1 = 0' 1, icr - 1). The entry mechanism corresponds to the Fickian diffusion model 
when n1 or the collision model when n=2 (the units and physical meaning of 
parameter D, j change accordingly). All chains up to the limit icr -I are assumed to 
be able to enter a particle, otherwise they nucleate via the homogenous mechanism. The 
total rate of entry into a single particle of size r is given by: 
jer 2 
Rentry (r) eýz (r)PIi IR, 1,1 
1=0 i=1 
3.1.10 Desorption from Particles 
(3-32) 
Chain transfer to monomer or CTA results in a monomeric radical (as shown in the table 
of kinetics above), which, in addition to other possible reaction routes, is able to desorb 
out of the particle into the aqueous phase. The rate of desorption from a particle of size 
between r and r+ dr is given by extending the approach of [69,108] for systems with CTA. 
A balance for the monomeric radicals within a particle is given by: 
O[Npoýj 2 
lmax 2 imax 
Ot 
1: ktrij E [Npl 
j] 
[Mpj] +E ktrAi E [Npl j] 
[Ap] 
i=l 1=0 i=l 1=0 
2 
0 Ekpji[Npoj][Mpil-kdMj[Npjl (3-33) 
i=l 
where kdMi = 3f), j/r 2, with f)wj being the diffusion coefficient for monomer in the 
aqueous phase 
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Assuming pseudo steady state and solving for NPOj gives: 
[NP1 
i2= 1 
(ktrij[Mpj] + ktrAi[Ap)) 
[ NPOj ]- 1=0 
kdMj(r) + I: i=l kpji[Mpi] 
(3-34) 
Thus the total rate of desorption is given as: 
22 
E kdMj i= I 
(kt, ij [Mpj ] +ktrAi [Ap])pi h (r. t) (3-3-5) d kdMi (r) + 1: 2 k 
j=l 1=1 pil Impil 
3.1.11 Termination within Particles 
The rate of termination of radicals inside particles of size r is given by: 
kt fi (r, t)2 Rtermin(r) -- Vp NA (3-36) 
3.1.12 Particle Growth 
The second term on the LHS of Eq. (3.26) accounts for the continuous particle growth 
via polymerisation. Rapid propagation of radicals inside particles, via the addition of 
monomer units, causes the length of the radicals to increase. This causes the particle 
size/mass to increase. The overall density of the latex will also increase as polymerisation 
proceeds. The growth kernel is given by: 
dr 
__122 kpijpi 
h (r, t) 
dt - 47rr2 
EE 
NA 
[Mpj]MWj 
pp i=i j=l 
(3-37) 
where pp is the density of polymer and MWj is the molecular weight of monomer J. 
3.1-13 Particle Nucleation 
The formation of particles is modelled in respect to the mechanisms of micellar and ho- 
mogenous nucleation. There is also much evidence for coagulative nucleation 
[24,21,144.145'ý 
playing an important part in particle formation, the modelling[26] of which could be in- 
cluded as a possible model improvement step. 
Homogenous Nucleation 
Upon reaching a critical chain length, j,,, the aqueous phase radicals will become too 
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hydrophobic to remain dissolved in the aqueous phase. and will therefore precipitate froin 
solution a form a new polymer particle. This particle will form a location for the adsorption 
of surfactant molecules, which will act to stabilise it. The rate of homogenous nucleation 
is given as: 
- kW[picr-1 Rhomogenous pwI Vaq 
Micellar Nucleation 
(3.38) 
Micellar nucleation occurs when an aqueous phase radical enters a micelle (aggregate of 
surfactant molecules), rather like entry into a small particle. However, this phenomenon 
will not occur unless there is enough surfactant in the system to form micelles. The free 
surfactant, S,, (i. e. not adsorbed to surfaces) in the aqueous phase, having exceeded its 
equilibrium solubility, will aggregate to form micelles. The level of equilibrium solubility 
is termed the critical micelle concentration (cmc). The following equation is used to 
determine the concentration of micelles in the system: 
(S, - cmc) a,,,, Cmicelle 
47rr2 
micelle 
(3-39) 
where Cmicelle is the concentration of micelles, am., is the area occupied by a surfactant 
molecule and rmi,,,,, is the radius of a micelle. The rate of entry of aqueous radicals into 
micelles, and hence the rate of micellar nucleation, is given by: 
icr-1 2 
1]CmicelleVaq Rmicellar ein i (r)p, i [P, 
l=O i=l 
with the entry rate constant, el j being defined as: 
(76] 
m 
1- 47rr'NAD,,, i, 1=0,1 em, i(r) 
el i(r) 47rrNADwi/Vrl - 1,1 =- 2,3, M 
3.1.14 Coagulation Framework 
(3.40) 
(3.41) 
(3.42) 
The methodology used to model coagulation of polymer particles within a population 
balance framework is based on the work. 
[146,108,711 The modelling of the coagulation phe- 
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nomena involves integral terms as shown: 
Rcoag(r, t) - H(rupper - r)Rformation(r, t) - H(rcut-. ff - r)Rdepletion(l'- t) (3-43) 
where I-I(. ) is the Heaviside function (unity when argument is non-negative and 0 else- 
where), rcut-off is the cut-off size, below which the particles win be likely to coagulate, 
rupper is the maximum size of particles that could result from the coagulation of smaller 
particles, related to rcut-. ff as rupper = 21/3rcut-off - Rformation(r, t) is the rate of formation 
of particles of size r, due to coagulation, and is given by: 
r 
Ijr -- 
Rformation(r, t) 
/ 
273 
3(r IIrF (r', t) Vaq 
r =rnuc 
x F(r", t) r2 dr (3.44) (, r3 - (rl)3)2/3 
and Rdepletion (r, 0 is the rate of depletion of particles of size r due to coagulation, given 
by: 
Rdepletion (r, t) =I 
frumax, 
3(r, r/ )F (r, t) F (r', t) dr' Vaq 
rn c 
(3.45) 
Here, 0(r, r') is the size-dependent intrinsic coagulation rate (kernel) between particles of 
size r and r'. A full description of the kernel is given below. 
3.1.15 Coagulation Rate Kernel 
The coagulation kernel is dependent on the concentration of free surfactant, S, and ini- 
tiator (ionic), I, and is therefore a dynamic entity. The kernel is based on the DLVO 
theory[31,32] for colloidal interactions in the presence of ionic species. Influential in the 
kernel derivation was the work by Coen et al., 11081 Hogg et al., [1471 Wiese and Healy., [1481 
Ottewill, [1491 Hamaker, [1501 and Dunn. [151] 
The rate kernel is derived based on the understanding that 2 opposing forces exist be- 
tween 2 approaching particles: an attractive and a repulsive force. The repulsive potential 
will be derived first, followed by the attractive potential. 
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Surface Charge 
The total surface charge, a on a particle, contains two constituent elements: the surfactant 
charge, o,,;,,, f, arising due to adsorbed surfactant, and the initiator generated component 
Ugen i 
0' ll: Usurf + 07gen (3-46) 
where 07surf and Ogen are given as: 
(Tsurf 
Z+e (3.47) 
As 
O'gen ` 
RZ+NAe (3.48) 
As 
p 
where z+ is the counter-ion valence (unity for persulphate), e is charge on an electron 
(Coulombs), As is the total surface area of the polymer particles (m') and [S, ] is the P 
aqueous phase surfactant concentration (mol-f-1). As is the area occupied by surfactant 
(M2), given as: 
As cems 1+I) (3.49) S, k,, d 
where Kad is a Langmuir adsorption constant (f - mol-1). 
Inverse Double-Layer Thickness 
The inverse length, k (m-1) is based on the Debye-double layer thickness (m) and is 
defined as: 
(87rNA Ise2 (3.50) 
EKBT 
with: 
1, - 3[1, ] + Sw + [elec] 
(3.51) 
e= 47rEoE, 
(3-52) 
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where T is absolute temperature, KB is the Boltzmann constant. S, is the concentration 
of free surfactant (mol-VI), [elec] is the concentration of added electrolyte (mol-f-'), Eo 
is the permittivity of free space (F-m-') and e, is the relative permittivity of water. 
Surface and Zeta Potenhals 
The surface and zeta potentials are calculated for each particle size class. The product, 
of k and the swollen particle radius rs is used to determine the form of equation used to 
calculate the surface potential, 0 (V), for that given size class, as follows: 
If rsk <1 then, 
47r, o, 
- (3.53) E(l + kr,, ) 
however, if r, k >I then, 
2KBT 
sinh- 1 
2,7rea (3.54) 
e EkKBT 
The zeta potential, ( (V) is related to the surface potential through the following 
equations: 
X) + (2KBT) (exp(, 
Z+e 
In 
exp(A) - 1) 
(3-55) 
with A given as: 
H, +In exp(Al) 
+1 (3-56) (exp(Al) 
- 1) 
and with A, given as: 
z+ e? p (3-57) 
2KBT 
where ý., is the Stern layer thickness (m). 
Repulsion Potential 
The repulsion potential, 4)R (Joules), is calculated using the Healy-Hogg- Furst eneau equa- 
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tion: 
Ersirsj ((2 + ý2) + e-kd) 
4DR(d) 
j 
(i2 + q2 
In + In(l _ e-2kd) (3-58) 4(r, i + rsj) e-kd 
where d is defined as the interface distance between two swollen particles, i and 3, with 
swollen radii r,; i and r,, -, 
Attraction Potential 
The attractive potential is attributed to the Wan der Waal's attractive potential, and is 
given as: 
-I)A (D) -AL. 
[ 2r, jrýj + 
2rjr, j 
6 D2 - (, rsi + rsj)2 D2 ý (rsi - rsj 
+ In 
D2 - (rsi + r,, j)2 (3.59) 
( 
D2 - (r,; i - rsj)2 
)I 
where D is the distance between particle centres, related to d as: 
D=d+ (rri + r,; j) (3-60) 
The net interaction potential, 4) is given as: 
ýý - ýýA + 4DR (3-61) 
Fuch Stability Ratio 
The maximum value for the net interaction potential, represents the energy barrier 
that the particles must overcome in order to coagulate. -I)max is used to calculate the Fuch 
stability ratio: 
wij - exp 
"Pmax (3.62) 
4kr, jr., j 
(KBT) 
where Wij is the Fuch stability ratio between two swollen particles, i and 
Using the Fuch stability ratio, the following equation gives the intrinsic coagulation 
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rate, Bij (f - mol-1 - s-1) between 2 particles, i and j: 
Bij = 
2KBT 
3, qWij 
2+ rsi -, - 
rsj 
rsj rsi 
where 71 is the viscosity of the latex. 
3.2 PSD Model Solution 
6.5 
(3-63) 
It is possible to solve the previous model using an OCFE technique. This has been done 
by Immanuel at el. [69] The stiff integrators necessitated by the resultant system of DAEs 
resulted in an average solution time of about 38 minutes even without coagulation. Due to 
the limited applicability to on-line control applications, it was decided to use an alternative 
and more efficient solution technique developed by Immanuel et al. [711 Here only a brief 
description of the solution will be given with salient elements explained and emphasis 
placed on portions specifically relating to this work. 
A fine discretisation mesh is applied to the particle size domain with 250 bins spanning 
a 2-500 nm particle radius range [Figure 3.1 (a)]. Each step within the time domain is split 
into 5 sub-steps for integration '[Figure 3.1 (b)], in order to employ a 5" order predictor- 
corrector method. 
At /4 1 
r. I 
rnuc rb, rb 
r 
(a) 
11 15 
I 
Ins t 
rb3 
t 
Figure 3.1: a) Discretisation of particle size domain and b) time domain 
The fine particle discretisation grid (2 nm bin width) allows for a high resolution to be 
r 
rbn 
obtained for PSD. is the size of a nucleated particle, withrbj as the upper 
boundarý 
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size for bin j. rj is the representative size for bin j. and falls at the mid point of the bin. 
An important consideration is the distribution of particles within bins, here assumed to be 
uniform, hence implying a constant density. Based on this discretisation, the total amount 
of particles within a bin j is defined as F, 
frnuc F(r. t)dr and Fj = 
rb F(r, t)dr for frbj'- 
j=2,3,... , n. The following transformation can be applied to the original PBE (Eq. 
(3.26)): 
f rbj a 
F(r, t)dr + 
rbj aF 
(r, t) 
dr 
dr 
rbj-l 
Ot 
frbj-l 
ar 
( 
dt 
) 
f rbj rbj 
rbj -1 
Rnuc6(r - rnuc)dr + 
Irbj 
-1 
Rcoagdr (3-64) 
d 
Fj + Fj 
dr Irbj Fj-l 
dr ) Irbj-l 
dt dt dt 
rbj 
6j=lRnuc(t) + 
frb,, 
-1 
Rcoagdr (3.65) 
i 
The entire set of system equations (including MWD equations) is solved within a 
hierarchical solution scheme as shown in Figure 3.2. The decomposition algorithm involves 
the first tier of calculation of the individual rates of nucleation, growth and coagulation, 
whilst holding the PSD constant. In order to calculate these rates, the concentrations of 
the various system components are needed as well as the number of radicals per particle 
and the particle density. The mass balances over the system components and partitioning 
equations are evaluated as follows: 
9 Monomer mass balances: ODEs: 5' predictor-corrector technique 
e Monomer partitioning: non-lMear algebraic system: Newton-Raphson technique 
ip Surfactant partitioning: Quadratic equation 
9 CTA mass balance: ODE: 5' predictor- corrector technique 
e CTA partitioning: algebraic equation 
e Initiator mass balance: ODE: 51 predictor-corrector technique 
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Aqueous phase radical balances: (steady state assumed) non-linear algebraic system: 
modified Powell hybrid method (based on Newton & scaled gradient method) 
T=O 
Set initial 
conditions 
Update PSD individually 
FIRST TIER 
At. r. t nucleation, growth &4 
coagulation 
(OPTIONAL) 
Nrnalgamate SECOND TIER 
PSD results 
Evaluate MWD 
equations (method of 
moments) 
Update ýýt 
t=t+& 
N2__<IS t> final STOP 
time 
Figure 3.2: Hierarchical 2-tier algorithm for PSD/MWID model solution 
V- 
For solution of the time varying system dynamics, a time step At is defined, and 
divided into 4 intervals, as shown in Figure 3.1(b). The solution of the ODEs (as above) 
, providing values 
for the rates is performed at stages corresponding to each time sub-step, 
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of nucleation, growth and coagulation at each sub-step. This is done prior to the PSD 
update stage. The next sequential stage [see second-tier in Figure 3.2 involves the update 
of the PSD, based on the rates previously calculated, according to the following update 
scheme: 
F,, ew, l F1 - F1 
rb, - ril 
AR1 
+ (At/4)(14Rnu,, i+64Rnuc, 2+24Rnuc, 3+64Rnuc. 4+14Rnuc, 5)(1/45) 
+ (At/4)(14Rformation, l, l + 64Rformation, 1,2 + 24Rformation, 1,3 
+ 64Rformation, 1,4 + 14Rformation, 1,5)(1/45) 
(At/4)(14Rdepletion, 
l, l + 64Rdepletion, 1,2 + 24Rdepletion, 1,3 
+ 64&epletion, 1,4 + 14Rdepletion, 1,5)(1/45) (3-66) 
Fn 
e w, j Fj - Fj 
rbj - rij + F(i - 1) 
rbj-l - rij-1 
ARj ARj-l 
+ H(jupper - j) (At/4) 
(14Rformation, j, l + 64Rformation, j, 2 
+ 24Rformation, j, 3 + 64Rformation, j, 4 + 14Rformation, j, 5)(1/45) 
H(icut-off - j) (At/4) 
(14Rdepletion, 
j, l + 64Rdepletion, j, 2 
+ 24Rdepletion, j, 3 + 64Rdepletion, j, 4 + 14, Rdepletion, j, 5)(1/45) 
2,3, ..., n) (3.67) 
where is the rate of nucleation of particles in bin 1, at the ith time sub-step, 
-Rformationj, j and 
Rdepletionj, j are the respective rates of formation and depletion of particles 
in bin j at the ith time sub-step, H(. ) is the Heaviside function, with jupp, and jcut-,, ff 
corresponding to the bins housing rupper and rcut-off, respectively. 
The term rij represents the cut-off size within a bin, with particles larger than this 
value relocating into the neighboring bin (to RHS) at the next time step. This term 
enables the PSD update due to the continuous growth of particles, through evaluation of 
the fraction of particles in a bin that will grow into the adjacent bin, at each time step. 
The particular value of rij is determined by the growth rate values over the time sub-steps. 
Following the update of the PSD, the -'%IWD equations are evaluated 
(explained later). 
At is then updated based on the propagation of error in evaluation of component dynamic,. 
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Also incorporated into this model solution is the algorithmic development made by Sun 
et al. [721 Here, a multi-level discretisation is applied to the particle size domain. based on 
an appreciation of the sensitivities of the individual rate-processes of nucleation. growth 
and coagulation to finite element width. Nucleation and growth are modelled based on a 
finer discretisation of the particle size domain, while coagulation is modelled based on a 
coarser discretisation. The results are then amalgamated to obtain the PSD. 'More details 
on these algorithms can be found in the original references. [71,721 These algorithms are 
incorporated into a standard FORTRAN code that is adopted for the present study. 
3.3 MWD Model Structure 
The MWD model formulation developed here uses a similar pseudohomopolymer approx- 
imation to that used by Saldivar et al. [77] in order to simplify the copolymer system. 
Saldivar et al. [771 developed population balances for MWD based on the density of live 
and dead polymer chains of different length that exist in a particle housing a certain num- 
ber of radicals (N' (r, t) and D' (r, t)). In the present work, a single particle is focussed on nn 
for the derivation of the population balance for live and dead chains, allowing the index 
describing the particle state to be dropped. 
A kinetic scheme consistent with that developed for the PSD case is applied here. 
Population balances are formulated for the live and dead polymer population chain length 
distributions as folloWS. [77,1521 The main assumptions that have been made in the 
MWD 
model include a one-way coupling with the PSD model, insensitivity of the 
MWD to the 
coagulation phenomenon [1521 and the general validity of pseudo-bulk conditions. 
The live polymer population, Nl(r, t) is defined as the concentration of radicals 
(in 
f-1) of length 1 in a particle of size r at time t, given by 
Eqs. (3.68), (3.69) and (3.70): 
a0- NO) No (r, t) ipwi[PO]/V - 
kpNo + ktr(h - NO) + ktrA(h Tt ew pNA 
2 
- 
kthNo - 
1: kdMipjNo 
j=l 
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a 
N' (r, t) =e1 pwi[P, 
']/VpNA + kp(Nl-l - Nl) at 
- kt, N' - 
ktrAN' 
- kthN1 
(1 
-< 
1< icr) (3-69) 
kp(N'-'-N')-ktrN'-ktrAN' - ktfiN' at 
(icr <1< 00)) (3-71()) 
The first term on the right of Eq. (3.68) accounts for the entry of an oligomer of length 
0 (monomeric radical derived from chain transfer to monomer) from the aqueous phase 
into particle of size r. The second term accounts for loss of monomeric radicals from a 
particle of size r when a monomeric radical propagates with a monomer unit to form a 
radical of length 1. The third and fourth terms account for the chain transfer reactions to 
both monomer and to chain transfer agent (CTA) in a particle of size r. The term '-No' 
accounts for the net cancellation of the effect of chain transfer to a monomeric radical on 
the number of monomeric radicals. The fifth term on the right of Eq. (3.68) accounts for 
termination reactions, whereby a monomeric radical can terminate with any length radical 
in a particle of size r (negative contribution to No balance). The final term accounts for 
desorption of monomeric radicals from a particle of size r. ju is the critical chain length 
of aqueous phase oligomers, representing the aqueous phase solubility limit, beyond which 
homogenous nucleation occurs. Thus, no radicals with chain length beyond jc, -I are 
found in the aqueous phase, accounting for the absence of the entry term in Eq. (3.70). 
The notation e1i is the rate of entry into a particle of a radical of type 1 and length 1, [P, ', ] 
is the concentration of oligomers of length I in the aqueous phase, NA is the Avogadro 
number, [Ap] is the concentration of CTA in the particle phase, [Mp] is the concentration 
of monomer in the particle phase, pi is the pseudo-homopolymer probability of finding a 
radical with an end unit of type i in the particle phase, pi is the pseudo-homopolymer 
probability of finding a radical with an end unit of type i in the aqueous phase and kd-,, Ij 
is the desorption rate constant for a monomeric radical of type j. 
The dead chain population is defined as the concentration (in mol-f-1) of polymer 
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chains of length 1 in a particle of size r at time t, given in Eq. (3.71): 
Tt Dl(r, t) - ktrN'+ktrAN'+ktdhN' 
22-1 
Lc E 
i=l j=l 
2 
M=o 
(3-1-1) 
In Eq. (3.71) the first two terms account for chain transfer to monomer and CTA respec- 
tively, and the last two terms account for termination reactions by disproportionation and 
combination respectively. 
3.4 Method of Moments for MWD 
It should be theoretically possible to directly solve for the full distribution for live and 
dead chain population balances using an extension of a technique developed by Crowley 
and Choi, [1531 wherein discrete chain length intervals are used to simplify calculations. 
However in this case, a solution is pursued which evaluates the average molecular weight 
over a discretised particle size domain, through evaluation of the leading moments of the 
chain balances for each particle size class. The aforementioned solution strategy takes into 
account the fact the solution of the combined PSD and MWD model is highly computation- 
intensive, and serves as a good starting point to validate the model. Thus, the k th moment 
of the live and dead chains inside particles of size r is defined, respectively, by Eqs. (3.72) 
and (3.73): 
00 
ANk t) 1: 1" (Npl (3.72) 
1=0 
00 
Elk (D' (3.73) ADk (r, 0 --"::: p 
1=0 
The zeroth moment of the live radical population is linearly related to the average 
number of radicals/ particle, ft. Thus, the zeroth moment in a particle of size r at time t 
is defined as in Eq. (3-74): 
ANO(r, t) = "(r, t)/VPNA (3-74) 
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Here Vp is the volume of a particle of size r defined as 
! 7rr3. The first live moment of the 3 
live radical balance AN1 (r, 0 is derived as follows: The first moment of the live radical 
balance is derived as follows. Summing the contributions from individual equations for 
live radicals: 
00 
AN1 t) --a1: 1N' 
at at 1=0 
aa -1. cr-1 0 C* 1N tE 1N' (r, t) +-E 1N' (r, t) 
at at at 
Considering the contributions from individual rates to Eq. (3.75), 
a 
AN1 kntry + 4ýprop + 4ýtr + jýtrA + ýýtermin + jýdes (3.76) Tt 
where kntry is the rate contribution from particle entry events, k,,, P is the rate contri- 
bution from propagation, jýt, is the rate contribution from chain transfer to monomer, 
RtrA is the rate contribution from chain transfer to CTA, Rtermin is the rate contribution 
from termination within a particle and 4ýdes is the rate contribution from desorption from 
a particle. These rate term are derived as follows: 
icr-1 2 
Rentry leip, i [P, 
11 /VpNA (3-77) 
eprop 
- kpNol +Z lkp(N1-1 - N') 
, >O 
l=1 
oo 00 
kp 1N' 
kp [(No + 2N' + 3N 
2 
... (Nl + 2N 
2 
kp[(No + N' +N2 
kpAnO 
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oc 
kt, (I\NO- NO)l - ktrNll 
00 
-ktr No +E 1Nl 
11 
1=1 
-kt, [ONO + IN' + 2N 
2... 
-ktr/\Nl 
00 
RtrA ktrA(/\NO - NO)l - 
ktrAN'l 
-ktrA ONO+ 1N'] 
-ktrA 
[ONO + 1N' + 2N2... 
-ktrA/\Nl 
(3-80) 
00 
Rtermin 
-ktN 
0 ANO1 ktNlANO1 
oc, 
ktAN0 ONO + 1N' 
00 
-ktXNO 
E 1N' 
-1=: O 
-ktl\NOAN1 
2 (3.82) ýZdes 
z-- 
E kdnipjNol =0 
j==j 
Giving the first moment of the live radical balance: 
jcr-1 2 [PWII 
AN 10- 
le, pwi T, 7 N+ 
kpANO - ktr/\Nl 
pA 
- ktrAAN1 -ktANOAN1 
(3-83) 
The other moments are derived in a similar 
fashion as shown in Eqs. (3-84) to (3.87). 
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Note that the system of moments is closed for these simple kinetics. 
icr -1 2 
12 el. pw, 
A 
w Tt AN2(r, t) VpNA 
+ kp(2AN1 + ANO) - 
ktrAN'2 
ktrAAN2 
- ktANOAN2 (3-S4) 
ADO(r, t) = 
ktrANO + ktrAANO + (ktc/2 + ktd )A2 (3-85) Tt NO 
09 ADl(r, t) - 
ktr/\Nl + ktrAANI + ktANoAN1 (3-86) Tt 
19 AD2(r, 0 :::: -- ktrAN2 + ktrAAN2 + ktANOAN2 + ktc A2 (3-87) Tt Nl 
The number-average chain length (NACL) and the weight-average chain length (NNACL) 
are defined in Eqs. (3.88) and (3.89), respectively: 
NACL(r, t) = 
AD1 (r, t) (3-88) 
ADO (r, t) 
WACL (r, t) - 
AD2 t) (3-89) 
ADI t) 
As a further step, since a copolymer system is being modelled, a measure of the copoly- 
mer composition is necessary to determine the average molecular weight. The instanta- 
neous copolymer composition corresponding to type i monomer units (Ij) is given by 
Eq. (3-90) and Eq. (3-91): 
[152,1541 
I, = 
fi (191 fl + f2) (3.90) 
fl (di fl + f2) + f2 (192f2 + fl) 
12 =I- Il (3.91) 
where Oj is the reactivity ratio of monomers and fi is the mole fraction of monoiner I in 
the particle phase. 
The number-average molecular weight (NA'-MW) in each particle size class is given in 
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Eq. (3.92): 
NAMW(r, t): -- (IlMW1 + I2MW2)NACL(r, t) (3.92) 
Similarly, the weight-average molecular weight is given by Eq. (3.93): 
WAMW(r, t)::::::: (IIMW1 + I2MW2)WACL(r, t) (3-93) 
The global number-average molecular weight, (Nglob) and the global weight-average 
molecular weight, (Wglob) for the entire system, are defined in Eqs. (3-94) and (3.95). 
respectively: 
rmax NAMW (r, t) ADO (r, t) F (r, t) dr 
Nglob (r, 0 :: -- 
I"nuc 
r -'axADoF(r, t)dr 
(3-94) 
fr n 
min 
I 
frrnax WAMW(r, OADI (r, t)F(r, t)dr 
Wglob (r, t) frmax ADIF(r, t)dr 
(3-95) 
rmin 
In order to solve the partial differential equations representing the live and dead mo- 
ments given in this section, a discretisation grid is chosen similar to the one used in the 
PSD model solution. The grid equally divides the entire particle size domain into discrete 
bins. Within each bin a representative particle size is chosen (mid-point). The MWD 
model is formulated focussing on a single particle and so, using the representative particle 
size, a separate set of moments can be derived for each bin (250 bins, from 2 nm- 500 
nm radius particles). This results in a system of ordinary differential equations, which 
are solved in combination with the PSD model within the hierarchical two-tier algorithm 
[See Figure 3.2 in Section 3.2]. The differential equations that describe the evolution of 
the MWD moments are solved using the same time steps as defined by the PSD model; 
it is found sufficient that only the error in solving the component material balance ODEs 
be used to manipulate At, rather than using a measure of the error 
from the solution of 
the MWD moment ODEs. At each time step, the PSD model is solved first and then 
the MWD moment equations -that depend on the PSD- are integrated. The 
ODEs de- 
scribing the moments of live chains involve 
fast kinetics, therefore a pseudo-steady state 
is applied to these equations (consistent with the calculation of 
ii). Therefore the effect of 
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particle growth is unimportant in solving the live radical moments. A first order predictor- 
corrector technique is used for the evaluation of the ODEs describing the moments of dead 
chains. Neglecting particle growth effects could lead to widely different model predictions 
for the dead chain moments, as will be shown later. This makes it important to account 
for growth in solving the dead chain moment balances. This is done by setting the initial 
condition of the dead chain moments at the start of a discrete time step in a particular bin 
equal to the value at the end of the previous time step in a preceding bin as determined 
by the growth rates. This will require the initial condition of the dead chain moments in 
the first bin to be set to zero. The method is again a sequential decomposition algorithm 
that builds the population-level behavior by examining individual particle behavior. 
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3.5 Semi-batch Emulsion Polymerisation Simulation: PSD 
Results 
A semi-batch copolymerisation of vinyl acetate (VAc) and butyl acrylate (BuA) Ný-as sim- 
ulated with input trajectories as shown in Figure 3.3. The initiator is potassium persul- 
phate, surfactant is sodium dodecyl sulphate (SDS) and the CTA is dodecyl mercaptan. 
VAc, BuA and CTA are fed at constant flow rates of 6x 10-4 and 3x 10-4 and 1X 10-4 
mol-s-1, respectively. The initiator and surfactant are fed in as aqueous solutions of con- 
centrations 1% and 5% respectively, while CTA is simulated as 1 VO on total monomer. 
Figures 3.4- 3.6 present the PSD simulation results. The nominal parameter values used 
in this analysis are shown in Table 3.1 and 3.2. 
-! Q 
6 
E- 4 0 
10-3 
0 50 100 150 
Time, mins 
-ýQ 08 E6 
10-3 
Figure 3.3: Simulation base-case input flow rates 
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Table 3.1: Nominal values for kinetic parameters used in model. 
Kinetic Parameter Value Units Ref. 
kpl, = kp', P11 3.29 X 
103 f. Mol- 1 . S- 
1 [691 
k l2= k' 12 8.9 X 104 f. M01- 
1 S- 1 [69] p 
k 2l -- 
p 
k' 2l 3.9 x 101 f mol- 
I S- 1 
[69] 
p 
kp22= 
p 
k' p22 X 
102 2.47 f mol- I S-1 
[69] 
ktr1I = kt, 11 
X 10-3 9.3 f Mol- 1 S- 1 
[69] 
ktr12 = k' tr12 X 
10-3 9.3 f Mol- 1 s- 1 
[69] 
ktr2l = k' tr2l X 
10-4 5.3 f M01- 
1 s- 1 
[691 
kt 22 = k' X 
10-3 9.3 f mol -1 S- 1 
[691 
r 
ktrAl 
tr22 
= k' trAl Ix 100 f mor 
l S- 1 
ktrA2 = k' trA2 Ix 100 f mol -I S- 
1 
kti, = k' til 1.05 X 
107 f mol -1 .S -1 
[69] 
ktl2= k' t12 X 105 2.36 
f mol -1 .S -1 
[69] 
kt2l= k' t2l X 105 2.36 
f mol -1 .S -1 
[69] 
kf9.9, - k,, 1) 
X 103 1.6 f mol -I .S -1 
[69] 
krl t, mol-I S-1 
kr2 f mol-I S-1 
kd 7.2 x 10-' s- 1 
[1081 
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Table 3.2: Nominal values for physical constants used in model. 
Physical Constant Nominal value Units Ref. 
K plý 15 
T99F- 
KA 
d 0 
[691 
Kpi 32 (69] 
Kp2 460 ý6, 
Kd, 46 [69] 
Kd2 2140 [108] 
Kad 2100 f- mol-I 
[108] 
Ký; 0 
d K' 0 
eme 3X 10-3 mol - f-1 [108] 
r,,, 
) 3.95 X 10-6 M012 
[108] 
ams 42 X 10-20 M2 
[1081 
D, j 30 (n=2) cm S- 1 
[691 
Dw2 55 (n=2) cm S- 1 
[69] 
rnue rmicelle 5 nm 
[69] 
rnuc 7micelle 5 nm 
[69] 
pp 1120 g. t-1 [69] 
icr 5 monomer units 
[69] 
PM1 934 g, t-1 
PM2 894 g. f-1 
Mwi 86.09 g mol-1 
MW2 128.17 g mol-1 
NA 6.023 X 1023 
-AIWsurf 
288.5 g- mol-1 
-NI'Wini 238 g- mol-I 
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3.5.1 PSD and Nucleation 
A bimodal PSD is generated in this semi-batch operation as shown in Figure 3.4(a). There 
are no micelles early on in the process (t < Is) as the surfactant concentration is below the 
critical micelle concentration (cmc) as shown in Figure 3.4(b). Thus, no micellar nucleation 
takes place before I s. The radicals generated in the aqueous phase by decomposition of 
the initiator react with monomer to produce oligomers. These oligomers propagate until 
they reach their limit of aqueous phase solubility, j, Upon reaching j,, homogenous 
nucleation takes place at very early times (see Figure 3.4(c)) and the resultant niode 
of particles is seen in Figure 3.4(a) (large peak centred around 30 nm). The particles 
generated by the first homogenous nucleation event are seen clearly in Figure 3.4(d). The 
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Figure 3.4: PSD evolution and the corresponding trends of surfactant concentration, nucleation 
rates and particle number. 
0 Particle size. nm 
lu Time, min 
(d) 
Chapter 3. PSD & MWD Model 
homogenous nucleation results in a drop in surfactant concentration (see Figure 3.4(b)). 
which is due to surfactant molecules adsorbing onto the surface of the newly formed 
particles. The homogenous nucleation dies off due to the entry of the aqueous phase 
oligomers into the existent particles, rather than achieving the critical chain length. 
Due to an increase in the surfactant feed rate as seen in Figure 3.3. the surfactant, 
concentration exceeds the cmc at around 10 minutes (see Figure 3.4(b)). This results 
in the micellar nucleation seen in Figure 3.4(c) causing the appearance of a bimodal 
distribution. This results in a fairly steep increase in the number of particles as indicated 
by Figure 3.4(d), between 100 and 102 minutes. Following the micellar nucleation of the 
second mode of particles, the surfactant level drops rapidly as it is absorbed by the newly 
formed particles. The secondary nucleation of the large number of particles results in a 
drop in the particle growth rates. This is partly due to the partitioning of the monomers 
among a large number of particles, and hence a drop in the particle-phase monomer 
concentration. Another reason for the drop in growth rates is due to a decrease in the 
average number of radicals per particle, as will be seen in section 3.5.3. The drop in 
the surfactant concentration that follows the second nucleation results in reduced particle 
stabilisation, as evident by the drop in the total particles seen in Figure 3.4(d), due to 
coagulation. This aspect is elaborated in the next sub-section 3.5.2. 
3.5.2 PSD and Coagulation 
The coagulation kernel is modelled on the principles set out in the DLVO theory and is 
sensitive to the surfactant concentration. The DLVO theory considers the contributions 
to particle stability by ionic repulsive and Van der Waals' attractive forces. The total 
net interaction potential (repulsion potential minus attraction potential) is plotted with 
respect to particle interface separation distance in Figure 3.5. The maximum positive 
value of this net potential can be likened to a potential barrier that must be overcome in 
order for a coagulation event to occur. If no positive value exists, then rapid coagulation 
will take place. The maximum values for the net interaction potential (Joules) at 0.6 
and 1800 s are indicated in Figure 3.5, by the lines labeled -a' and -b', respectively. The 
particular example shown here deals with the interaction of two particles of minimum size, 
(where rnuc is the radius of a nucleated particle). The maximum value of the net 
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potential is larger at the beginning of the process (t=0.6 s) than compared to its value 
at 1800 s, meaning that the particles will be less likely to coagulate at the beginning of 
the process with high surfactant concentration and therefore the coagulation kernel will 
a, ssume a lower value at the start. 
-5 
0) 
0 
a. 
0) 
z 
10 
8- 
6- ý! -% 
4- 
2- 
-2 
-4- 
-6- 0 
-0.6s 
--- 1800s 
0 
0.5 1 1.5 2 
Particle interface separation, nm 
Figure 3.5: Net interaction potential between particles of size at 0.6 s and 1800 s. 
The plots of the size-dependent and time-varying coagulation kernel in Figures 3.6(a)- 
(d) confirm this drop in stability (increase in coagulation kernel value). Please note that 
the kernel plots in Figure 3.6 are more compact depictions of the stability traits between 
particles of different size combinations. The coagulation kernel at an early time, t=0.6 s 
(but after the initial homogenous nucleation phase), is low, indicating stable particles due 
to a high concentration of surfactant. The surfactant concentration reaches a minimum 
at about 180 s as seen in Figure 3.4(b), resulting in the higher coagulation rate constants 
shown in Figure 3.6(b). After about 200 s the surfactant level begins to rise due to an 
injected impulse at that time (see inputs in Figure 3.3) and then reaches a plateau at 
around 400 s. The coagulation rate constants on this plateau (at 600 s, Figure 3.4(b)) are 
lower as expected (see Figure 3.6(c)). From this point on, the surfactant level decreases 
steadily and the coagulation constant rises accordingly (see Figure 3.6(d)) due to there 
being insufficient surfactant to stabilise the particles. 
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Figure 3.6: Coagulation rate constants corresponding to critical changes in surfactant concentra- 
tion. 
3.5.3 PSD and Average Number of Radicals/ Particle 
Figure 3.7(a) indicates that the average number of radicals per particle, ii(r, t), is highly 
size dependent. It is seen that larger particles attain higher values of ii(r, t). It is realised 
that the values shown for ii(r, t) in the larger sized particles are inconsistent with the 
practical space limitations that exist in particles. The ii(r, t) values shown here are based 
on a simulation using nominal parameter values (requiring further tuning) and as a result 
are somewhat overestimates. Despite this, the overall general trends exhibited are believed 
to be true. The reason for this size-dependence can be seen in Figures 3.7(b) and 3.7(c). 
Figure 3.7(b) shows that larger particles have larger entry rates, attributed to the collision 
entry model with entry rates proportional to the square of the particle radius. 
[691 Likewise, 
20 
Particle size, nm 
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Figure 3.7: The average manber of radicals /particle, the rate of entry, the rate of termination 
and the rate of desorption. 
Figure 3.7(c) shows that the termination rate also exhibits size-dependence, with the ter- 
mination rate decreasing with increase in particle size. The rate of desorption presented 
in Figure 3.7(d) indicates a reduced size-dependence compared to the rates of entry and 
termination. Figure 3.8 shows results to examine the pseudo-bulk vs. zero-one compart- 
mentalisation expected for the system under investigation. Figure 3.8(a) shows that the 
ratio of entry rate to termination rate remains above unity. Referring to Figure 3.8(b) one 
notices that the value of the global average number of radicals (see Eq. (3.29)) always as- 
sumes a fairly high value and does not drop below 1 except at very early times. One could 
therefore argue that pseudo-bulk kinetics best describe this system. However the effect 
of h and its inherent assumptions on the evolution of PSD and NIWD will be examined 
Particle size, nm 0 150 Time, min r-arucie size, nm 0 150 1 rme, min 
150 500 --- Particle sze. nm 
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Figure 3.8: The ratio ofentry to termination and the global average number of radicals /part ic le. 
further in a forthcoming section. 
A final comment is due on the time variation of the average number of radicals per 
particle. It is seen in both Figure 3.7(a) and 3.8(b) that the ii value increases to very large 
values at the early times (before about 10 minutes). This is due to the small number of 
particles formed by the initial homogenous nucleation. Thus, the net entry of oligomers 
into each particle is high. Subsequent to the micellar nucleation at around 10 minutes, 
the large increase in the number of particles leads to reduced entry rates into any given 
particle, resulting in a net drop in the h values (both at the single-particle scale and the 
global scale). 
3.6 MWD: Semi-batch Simulation Results 
A semi-batch simulation produced the following MWD plots (see Figures 3.9-3.10). Fig- 
ures 3.9(a) and 3.9(b) show that MWD increases with time for approximately the first 
40 minutes of reaction, after which little increase in NIWD is observed. The same figures 
also elucidate the distinct size dependance of the MWD in both the number-average and 
weight-average cases. The molecular weight increases with increasing particle size. This 
can be associated with the increased chance that radicals have to grow via propagation 
reactions in large particles, until they undergo any of the other reactions (e. g. termination, 
chain transfer) which lead to cessation of growth. 
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The global average molecular weights are shown in Figure 3.10, which exhibit a similar 
time evolutionary trend to that observed for the distribution evolutions; during the first 40 
minutes a rapid increase in molecular weight is observed, after which there is a very gradual 
increase, reaching a number-average molecular weight value of approximately 300,000. The 
behavior at very early times is indicated in Figure 3.10(c) for the global number-average 
molecular weight. It is seen that there is an initial jump in the average molecular weight 
followed by a decrease as homogenous nucleation occurs and as more polymer chains are 
initiated. A similar trend is observed at early times in the distribution plots (not included 
in Figure 3.9 for clarity). As homogenous nucleation is completed, the average molecular 
weight begins to increase. As discussed previously, the increase is monotonic after this 
time, except for a momentary decrease in growth rates between 7-10 minutes, when the 
second micellar nucleation event is underway. 
3.6.1 Effect of Particle Growth on MWD 
As stated previously, it is assumed that fast kinetics govern the live radicals, therefore a 
pseudo-steady state is applied. However, the same is not true for dead polymer chains, 
which are governed by differential equations. As mentioned at the beginning of this section, 
the effect of growth will need to be accounted for in the model of dead polymer chains. 
Figure 3.11 shows the effect of accounting for growth in the MWD model. The growth 
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Figure 3.11: Global average molecular weight evolutions analysing the effect of particle growth. 
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of particles is considered in evaluating PSD and radical number in both cases shown. 
however the difference lies in the solution applied to the dead moment ODEs. In the 
'without growth' case ODEs are solved as normal. In the 'with growth' case the initial 
condition of the dead chain moments at the start of a discrete time step in a particular 
bin is set equal to the value at the end of the previous time step in a preceding bin as 
determined by the growth rates. The growth effect can be seen to cause a prolonged initial 
increase in both the global average molecular weights. This results in a higher eventual 
molecular weight value than would have been predicted based on neglecting growth. For 
the global number-average molecular weight, an increase of approximately 100%, is seen 
when growth is accounted for. In the case of global weigbt-average molecular weight, 
an increase of approximately 25% is observed. These results illustrate the importance of 
accounting for the particle growth from the PSD model in the MWD model. 
3.6.2 Effect of Compartmentalisation on Termination Rates: Sensitivity 
on PSD and MWD 
A factor, f, was introduced into Eq. (3.28) to account for the possible variations in bi- 
molecular termination, serving as a preliminary investigation into the system-wide effect 
of compartment alisation on the process. 
i9A (r, t) 
_II at 
J? 
entry 
Wd'esorp (r) -f 2Rtermin 
(r) (3.96) 
There have been notable works by Lichti et al. 
[1211 
and Ghielmi et al., 
[122,123) 
which use 
the 'doubly-distinguished particle' concept to perform an analysis with a similar objective. 
They, however focus only on MWD models, not accounting for any interactions via a 
particle distribution. In the current generalised and integrated model framework, it is 
justified to first adopt a simple approach incorporating the factor f. which could be used 
to summarise meso-scale information in closed form kernels in the current (macro-scale) 
model. The summarised information, in a small compact form, can be plugged into the 
macro-scale PBE. Further work carried out in Chapter 5 looks into extraction of further 
information, and thus improving upon this simplification. 
It is seen in Figure 3.12(a) that the global average number of radicals per particle 
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Figure 3.12: The effect of introducing a termination correction factor in the calculation of fi on 
the global average number of radicals per particle and the end-point PSD. 
increased as the factor f was decreased. The reduction in termination means that the net 
effect of entry is made stronger as depicted in Figure 3.12(a). This in turn results in larger 
growth rates and hence larger particle sizes as is seen in Figure 3.12(b). The net effect on 
the molecular weight is seen in Figure 3.13. With a reduction in termination, lower global 
average molecular weights are observed. When the termination is reduced by 40% (from 
100% to 60%) the end molecular weight that is achieved is approximately 20% lower. When 
the termination is reduced a further 20% (from 60% to 40%), the end molecular weight is 
reduced by approximately 20%. When the termination is reduced a further 20% (from 40% 
to 20%), the end molecular weight is reduced by approximately 35%. These approximate 
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values indicate a non-linear relation between the termination factor and molecular weight. 
It is clear from the results that the decrease in the termination rate plays the dominant 
role in determining the molecular weights compared to any of the cascaded effects of a 
reduction in f- Over the range of f employed the particle number does not change to an 
appreciable degree, which signifies that the reduction of combination reactions occurring 
between long radicals is the active mechanism in reducing the molecular weight. 
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3.7 Macroscopic Process Sensitivities to Process Manipula- 
tions 
The flow rates of process inputs were perturbed from the norninal values shown in Fig- 
ure 3.3. 
Monomer 
In the case of monomer flow rates, both VAc and BuA were changed in equal ratio. Fig- 
ure 3.14(a) indicates that increasing monomer flow rates by 20% increases the MIND. 
Whilst increasing the monomer would lead to more aqueous oligomers, hence entry of 
x 10, 
m 
4.5 
3.5 
3 
E 2.5 
'D c2 w 
1.5 
Base case flow rates 
Monomer flow rates increased by 20% - 
Monomer flow rates decreased by 20%ý 
0 500 100 200 300 400 
Particle size, nm 
(a) 
0.045 
o 0.035 
0.03 
0.025 
0,02 
d) 
3: 0.015 
'o c Ui 0.01 
0.005 
0.04 
oil Base case flow rates 
M onomer flow rates increased by 20% 
monomer flow rates decreassed by 20% 
IIII JI 0., 
C 
0 100 200 300 400 
Particle size, nm 
(b) 
500 
Figure 3.14: The effect of perturbations in monomer flow rates on end-time PSD and NINVD. 
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small chains into particles, lowering the average molecular weight . the effect of a larger 
monomer concentration in particles has a stronger effect. This leads to a higher pollymeri- 
sation rate of chains inside particles, hence increasing the average chain length. Lowering 
the monomer flow rate results in a lower concentration in particles and has the opposite 
effect, lowering the molecular weights. Figure 3.14(b) indicates that increasing monomer 
flow rate results in a shift of all modes of particles to the right, due to increased growth 
rates. It also shows the general trend of peaks shifting to left when monomer flow rate 
is decreased, due to decreased growth rates. If one focusses on the mode of particles 
centred around about 250 nm (homogeneously nucleated), upon increasing monomer flow 
rate this peak shifts up due to increased monomer concentration and hence growth. The 
opposite movement is observed upon decrease in monomer flow rate. There seems to be 
little change in the number of particles contained in this mode, which means that there 
is no alteration in the homogenous nucleation rate, despite the increased aqueous phase 
monomer concentration. This points to the fact that the initiation of monomer maybe the 
limiting factor in this case. In the case where the monomer flow rate is increased, there 
is an initial period of increased growth of the homogenously nucleated particles. These 
growing particles adsorb more surfactants onto their surfaces, resulting in less monomer 
being available for the subsequent micellar nucleation, observed in the smaller peak cen- 
tred around about 110 nm. 
Surfactant 
Figure 3.15(a) shows that an increase in surfactant flow rate results in a small increase in 
MWD. The increased surfactant level leads to an increased micellar nucleation, which leads 
to larger overall number of particles. This results in a decreased value of the global average 
number of radicals/particle. With less radicals to terminate inside a particle, polymerisa- 
tion occurs for longer and at higher propagation rates, therefore higher molecular weights 
are observed. A decrease in surfactant level results in a higher number of radicals /particle 
on average and lower molecular weights are observed. Figure 3.15(b) shows that the ef- 
fect of increasing surfactant flow rate is to increase the number of particles produced by 
micellar nucleation (see larger peak magnitude centred around apprommately 100 nm). 
Decreasing surfactant flow rate results in the same peak becoming smaller in magnitude 
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(i. e. less micellar nucleation). The amount of homogenous nucleation that occurs at the 
start of the process is the same in the different cases. In the increased surfactant case, 
the base case homogenously nucleated peak (solid line, centred around 250 nm) becomes 
slightly smaller and shifts to the left due to a decreased level of growth subsequent to the 
larger micellar nucleation. When the surfactant level is decreased the converse effect is 
observed. 
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Figure 3.15: The effect of perturbations in surfactant flow rate on end-time PSD and MWD. 
Initiator 
Figure 3.16(a) shows a different trend to those seen previously. It indicates that as initiator 
flow rate is increased, AIWD decreases. This effect is due to the increased concentration 
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of aqueous phase oligomer. The increased entry rate of oligomers into particles has a 
negative effect on MWD. A decrease in initiator flow rate has the opposite effect. The 
corresponding PSDs are shown in Figure 3.16(b). As the initiator flow rate is increased the 
level of aqueous phase oligomers increases, resulting in a larger homogenously nucleated 
peak (see peak on right, centred around approximately 260 nm). Therefore, the subsequent 
micellar nucleation is smaller (see peak on left, centered around approximately 110 mn). 
Decreasing the initiator flow rate results in a smaller homogenously nucleated peak and a 
larger micellar nucleation. 
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Figure 3.16: The effect of perturbations in initiator flow rate on end-time PSD and NINVD. 
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CTA 
The effect of perturbations to CTA flow rates is seen in Figure 3.17. NVith respect to 
the MWD plot in Figure 3.17(a), an increase in CTA flow rate results in a decrease 'n 
MWD, as expected. If CTA is not used in the process, then radicals within particles are 
more likely to achieve longer chain lengths, resulting in a higher MWI). Figure 3.17(b) 
indicates that CTA perturbations have negligible effect on PSD development. This result 
demonstrates that CTA provides the mechanism to manipulate 'XIWD, without altering 
the PSD, leading to more a flexible control regime. This trend will also be seen in the 
experimental results presented in chapter 4. 
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Figure 3.17: The effect of perturbations in CTA flowrate on end-time PSD and MWD. 
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3.8 Chapter Summary 
This section details a comprehensive model that simultaneously accounts for both PSD and 
MWD. The multi-scale dynamic model incorporates inputs for two mononiers, CTA and 
a thermal initiator system. Coagulation dynamics are incorporated for an ionic surfactant 
stabilised system. Both homogenous and micellar nucleation are modelled. Partitioning 
of reaction components amongst the heterogenous system is considered. The pseudo- 
homopolymer approximation is used to simplify equations for a multi-monorner system. 
Further, a mechanistic formulation describing the average number of radicals per parti- 
cle is used. The PSD model is solved using a decomposition algorithm, which enables a 
semi-analytical solution for the full PBE at each particle bin. The method of moments is 
used to solve the MWD model, giving molecular weight approximations for each discrete 
particle bin. 
The results of a semi-batch emulsion polymerisation simulation elucidate the effect of 
process variables and model parameters on PSD and MWD. The MWD was shown to be 
highly size dependent, where larger average molecular weights were seen in larger parti- 
cles. A so-called hierarchial two-tier solution technique was employed for the solution of 
the combined model. The solution technique resulted in a computational time of approx- 
imately 30 seconds (for a 150 minute semi-batch process) on a contemporary computer. 
consisting of a dual core 3.4 Ghz Intel pentium D processor with 1 GB of memory. The 
sensitivity of the objectives of PSD and MWD was assessed in relation to perturbations 
in monomer, surfactant, initiator and CTA inputs. The strongest effects on MWD were 
seen in the cases of varying monomer, initiator and CTA. In this constant monomer/CTA 
feeding regime, CTA offered the possibility of manipulating MWD, without changing PSD. 
The main points to be taken from the preliminary analysis of the effect of compartmen- 
talisation, through a direct manipulation of bimolecular termination in particles, was that 
the global average number of radicals per particle was effected and hence so was PSD. 
Also a large effect was noted with respect to the MWD. This aspect will be elaborated on 
in Chapter 5. 
Chapter 4 
Experimental Studies & Model 
Validation 
4.1 Introduction 
It has been long established that important yet hard to measure macroscopic properties, 
such as optical properties and rheology are strongly influenced by PSDJ6,1551 In addi- 
tion, the particular MWD is thought to be well correlated with end-use properties such 
as rheology [121 and mechanical strength. [1561 This motivates tighter control on product 
specifications. Multi-objective and distribution control are therefore extremely important 
in emulsion polymerisation. 
It is difficult to maintain a complete and independent control over the entire range of 
important product properties in emulsion polymerisation due in the coupling effects that 
exist between PSD and MWD. As highlighted in Chapter 2, a literature review discussing 
the topic of controllability, the interaction between PSD and MWD in emulsion poly- 
merisation has received little attention. To effect a tight and robust control in emulsion 
polymerisation, one aspect that necessitates a full understanding is the relationship be- 
tween control objectives and operating conditions. This chapter will detail investigations 
into the simultaneous controllability of PSD and MWD- the beginning of a vast research 
problem. It will aim to elucidate the process interactions that determine the feasible re- 
gions for PSD and MWD. The dependence of PSD and MWD on operating conditions, and 
97 
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the coupling between the two will be assessed through experimental sensitivity analysis 
on the main process manipulations: initiator. CTA, monomer and surfactant. In addi- 
tion, the experimental data will be compared to the predictions of the model developed 
in Chapter 3. This comparison will enable model validation, as well as further elucidating 
important process mechanisms. The contents of this chapter are accepted for publication 
in the Macromolecular Reaction Engineering Journal. 
4.2 Experimental System 
A schematic of the experimental facility employed in this study is shown in Figure 4.1 
(supplement to the facility reported by Fan et al. 11"I). The system comprises a 0.7 f 
round-bottomed cylindrical stainless steel reaction vessel. Attached to the top of the 
vessel is an AE MagneDrive6II agitation device fitted with an impeller, the configuration 
of which is shown in Figure 4.1. The MagneDrive agitator is driven by an electric motor 
(Teco: 0.37 KW) via a drive belt (Fenner SP2 950). The gearing between the agitator and 
motor unit is 1: 1. The motor is controlled by an A. C. variable speed drive (Teco Speecon 
7200 Minicon E2 Series: 220 V, 0.4 KW). Heat transfer is provided by means of a thermal 
oil which is circulated between an external stainless steel jacket and the reaction vessel. 
A SingleTmTemperiertechnik ST01-6-12-DM heat exchanger unit provides temperature 
control and circulation of the heat transfer medium. There is a borosilicate glass coil 
reflux condenser (Quickfit, CX3/04) connected to the top of the reactor vessel. Reactants 
are fed via peristaltic pumps (a Pharmacia LKB P-1 and a Watson Marlow 505s). A 
100 mL glass burette is also used to feed ingredients into the reactor (shot fashion) using 
pressurised nitrogen as the driving force. There is a sampling port at the lower end of the 
reactor. 
Latex samples are characterised in terms of PSD using a capillary hydrodynamic frac- 
tionator (CHDF) from Matec Applied Sciences (CHDF 2000), equipped with a C-204 
fractionation cartridge. MWD is measured using a triple-detector equipped gel perme- 
ation chromatography (GPC) system from Polymer Labs, combining refractive index, 
light scattering and viscometry measurements. The particular system used consists of a 
PL-GPC 50 with 2 pLgel 5pm Mixed-D columns (29'C) and a viscometer in conjunction 
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with a multi-angle light scattering detector from Wyett (Dawn 8). The solvent used ! ý, 
tetrahydrofuran (THF). 
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4.3 Recipe and Operating Conditions 
A semi-batch addition strategy is implemented for the set of experiments. following previ- 
ous studies by Boutti et al. 11591 and Immanuel et al [33] . Due to the nature of the monomer 
addition (shotwise) the reaction operates in both flooded and starved regimes depending 
on the monomer conversion. The monomers used in this study are vinyl acetate (VAc) 
from Fluka (>99%) and butyl acrylate (BuA) from Aldrich (>99%). The ionic emulsifier 
used is sodium dodecyl sulphate (SDS) from Aldrich. The thermal initiator used is sodium 
persulphate from Aldrich. The CTA used is 1-dodecanethiol from Aldrich. The quench- 
ing agent used is hydroquinone from Sigma. All chemicals are used as received from the 
manufacturer. Water used is deionised from an Elga Option 4 water purifier. 
Reagents are prepared at room temperature. The amount of water in the initial charge 
[see Table 4.1] is heated to the reaction temperature (75'C in all cases). Isothermal 
conditions within the reactor are maintained via manual adjustment of the set point of 
the heat exchanger. Additional initial reactants [see 'Initial' column of Table 4.1] are 
added upon attaining reaction temperature. The agitator is set at a rotational speed 
corresponding to an A. C. variable-speed drive setting (13) that was found to be adequate 
for thorough mixing. Agitation is constant throughout the heating and reaction stages. 
The initial mixture addition defines the reaction time of t=:: O min. Component feeds [see 
'Feed' column of Table 4.1 and Figure 4.2] are started and are maintained manually as 
close as possible to target feed rates. Initiator (constant 1%) and surfactant (see Figure 4.2 
for concentrations) aqueous solutions are fed via the peristaltic pumps. Monomer is fed 
shotwise via the pressurised glass burette. The initial and subsequent monomer feed is 
supplemented with the corresponding amount of CTA [see Table 4.1: weight basis per total 
monomer]. Latex samples are collected at certain times from the sampling port so as to 
maintain a satisfactory resolution of process outputs. Samples are immediately quenched 
with 2 wt% hydroquinone solution. The total batch time is 120 mins. 
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Chapter 4. Experimental Studies & Model Validation 103 
cn 
7ý 
r-4 
78 
ce 
F-I 
r--4 r--4 rý 
r--q cq 
cq 
IN 
C114 
c"I 
CN 
cq 
CN4 
-14 
cq cq C-4 -4 t 
ý0 
cc 
ýC) 
OC) or , cc Cl C'4 cq - - 
cq 
cq cq CN N (7, q c"I - C14 INý C9 CIA cli 
bO 
Llý C: ) Lrý U-) LO Lý) ulý Ln Llý Le-) Lý-- 
-4 
4-D r-I r--4 r--q r--4 r--i r--4 r-q C: ) r--4 VD 
" U 
ý-s cz ý. c ý. c ýo Cý. ý. c ý. c -tt zzý -7t cc) -zt ý. c -,: t -- - t 7 
cq cq cq CA cq cq CIA Cýl C14 
P! bjO 
Clq 
CD = CD C: ) CD C: ) 
b-C C: ) c) C: ) CD C: ) 
W bjO cq -.,. D cq -"D ct CID UD U5 -4 CYD 
-Ci 
4-D 
ct 
4-D 
Chapter 4. Experimental Studies & 
-NIodel Validation 
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The latex PSD is analysed using CHDF. A fraction of the sample obtained is diluted with 
DI water such that it is within the acceptable range for the CHDF 2000 device (0.1 to 
5% solids). A 25 pf sample loop is then filled with diluted sample ready for injection. 
The particular eluent used is GR500-1X from Matec. Sample injection to the CHDF 
2000 column and elution is controlled via computer. The residence time of a sailiple 
is approximately 12 minutes. Solids content data is obtained via gravimetry. Particle 
number is calculated using PSD and solids content data (for more details see [33] )- 
The procedure used to determine the MWD of the latex samples is as follows: 1-2 mf 
of sample is left to dry at room temperature in an aluminium trough. Once dry (after 
approximately 24 hours when no further weight decrease is observed) a fraction of the 
sample is scraped from the trough and deposited into a glass vial. THF solvent from the 
GPC device is used to dissolve the sample. Polymer and THF are weighed such that a 
concentration of 1.5 to 2 mg-mf-1 is attained. The sample is left for 24 h to properly 
dissolve, after which the polymer solution is filtered, using a 0.2 Pm PTFE filter, into 
a clean glass vial ready for GPC analysis. The analysis of filtered polymer solution via 
GPC is then carried out. The sample vial is placed in the GPC autosampler, and the 
data collection software is set to run. Cirrus software from Polymerlabs is used for data 
collection and to analyse the collected data. Elution time is approximately 35 minutes per 
sample. MWD traces are expressed as Differential Log Molecular Weight Distributions: 
dw %dwi 
d(log MWp) 
)i 
dVi x 
dV, i 
d (log MWp)i 
(4.1) 
where MWp is the molecular weight, w is the weight fraction of polymer, V, is the elution 
volume and the indice i denotes the increment number of the discretised elution volume, 
used to calculate MWD. The first term on RHS of Eqn. 4.1 represents the fractional concen- 
tration response of the unknown polymer sample and the second term on RHS of Eqn. 4.1 
represents the slope of the fitted MW calibration curve. 
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4.4 Experimental Results& Discussions 
This section examines the effect of manipulated variable perturbations on PSD, '-'\INN'D 
and other important latex attributes. A repeatability analysis of the experimental systein 
is first presented. 
4.4.1 Repeatability Analysis: PSD, solids content and number of parti- 
cles 
Figure 4.3 shows number and weight-averaged end-time PSD profiles for a repeated ex- 
periment: medium initiator case [see Table 4.1]. Reproducibility with regard to multiple 
measurements of the same sample using the CHDF is greater than 90%, so any errors in- 
troduced here could account for the slight mismatch between the two peaks centred around 
40 nm. A more significant mismatch is observed between the peaks centred around 125 
nm. This is thought to be due to differences between the growth of the initial homoge- 
neously nucleated mode of particles, which could have been influenced by initial condition 
variations that are inevitable (e. g. material carry-over following incomplete cleaning of 
the reactor). 
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Figure 4.3: Number and weight-averaged end-time PSD profiles for medium initiator case with I 
wt% CTA. 
Figure 4.4(a) shows that there is a very close match between the solid contents for 
two runs of the medium initiator perturbation case. The gravimetry technique used to 
measure solids has a typical reproducibility for multiple measurements of the same sample 
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of more than 95%. Particle number evolution [see Figure 4.4(b)] is calculated using a 
combination of PSD and solids data, and despite the small differences in PSD the particle 
number profile data is well matched. 
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Figure 4.4: Solids content and particle number evolutions for medium initiator case with I -'vt"/C' 
CTA. 
4.4.2 Repeatability Analysis: Molecular weight 
Figures 4.5(a) and 4.5(b) show number-averaged MW and end-time MWD respectively 
for the medium initiator case and a repeat of the same experiment. Good accord be- 
tween repeated experiments is shown for the two MW variables, except for the initial 
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Figure 4.5: a) Number-averaged TNIW evolutions and b) End-time "NINN'D profiles for meditim 
initiator case with I wt% CTA. 
Chapter 4. Experimental Studies & 'Model Validation 107 
number-averaged MW. This could be due to there being maximum temperature fluctua- 
tions during the beginning of an experiment whilst reactants take time to reach a constant 
temperature, and material carryover as mentioned. Upon multiple GPC analysis of the 
same sample, approximately 5% error was experienced between -NINND measurements due 
to uncertainties in device calibration and post-analysis. 
4.4.3 Initiator Perturbation: effect on PSD, solids content and number 
of particles 
This section examines the results from experiments aiming to perturb initiator, and are 
referred to as high, medium and low initiator cases [as per Table 4.1]. Figure 4.6 shows 
the evolution of the PSD over a2 hour, semi-batch run. The particular experiment relates 
to the medium initiator case, the details of which are shown in the preceding section. A 
bimodal PSD can be seen to develop in both the number and weight-averaged PSD plots. 
The first mode of particles (centred around 50 nm at the early times) can be attributed 
to a homogeneous nucleation event. Homogeneous nucleation is caused by the sparing 
amount of dissolved monomer polymerising to form short chain radicals, the hydrophobic 
character of which increases upon chain lengthening, causing them to collapse out of the 
aqueous phase and form a separate polymer particle phase. 
At around 10 mins, the emergence of a second peak is observed (centred around 25 
nm). These particles are most likely to originate via a micellar nucleation mechanism, 
whereby the aqueous phase radicals enter the micelles, which are formed from excess 
, SDS above the critical micelle concentration 
(cmc: - 3x10-3 mol-f-1). Note that the 
SDS added during the course of reaction (step increase from 10-15 mins) amounts to an 
aqueous solution of a concentration approximately 6 times the cmc. The level of surfactant 
together with the surface area of the polymer particles determines the nature of micellar 
nucleation. The ionic surfactant will maintain an equilibrium between the aqueous and 
particle phases. The amount of surfactant adsorbed onto the particles directly influences 
the level of excess aqueous surfactant, so as particle surface area increases, the surfactant 
available to create micelles and nucleate new particles decreases. Throughout the reaction 
a continuous re-partitioning of monomer between the different sized particles will also 
occur. Excess monomer above the saturation value of the particles present in the system 
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will exist as a separate monomer droplet phase. 
The number-averaged PSD evolution [Figure 4.6(a)] shows that the number of particles 
generated by the secondary micellar nucleation is greater than that generated by the initial 
homogeneous nucleation. The weight-averaged PSD evolution [Figure 4.6(b)] indicates 
that the total mass of particles contained in the mode corresponding to the homogeneous 
nucleation is greater than that of the mode created via the micellar mechanism. 
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Figure 4-6: Number and weight-averaged PSD evolution profiles for medium initiator case with 
I wt'/'o CTA. 
The initial (0 to 20 mins) dynamic nucleation and growth period, which results in the 
two modes of particles and determines their relative magnitude, precedes a period (20 to 
120 mins), in which isothermal conditions are maintained and initiator is fed at a constant 
rate to ensure that any residual monomer is converted, as is common practice in industry. 
Time. min Uu 
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A slight broadening of the peaks is seen during this period. 
The particular PSD engineered in this case has similarities to cases produced by Sajjadi 
and Brooks 1`01 and Immanuel et al. [331. Sajjadi and Brooks studied a serni-batch BuA 
emulsion polymerisation using sodium lauryl sulfate as emulsifier and potassium persul- 
phate as initiator. They used no surfactant in the initial reactor charge. A bimodal PSD 
was engineered by injecting a shot of surfactant after the initial nucleation event. The 
ratio of primary to secondary nucleation events was altered by varying initiator and emul- 
sifier concentrations in the feed, temperature, or monomer concentration in the charge. 
A large enough initial nucleation however led to a monomodal PSD. Despite attempts to 
produce multimodal PSDs, this was not achieved. Immanuel et al.: [331 studied a VAc/BuA 
semi-batch system, using a redox initiator pair with initial monomer, but no surfactant. 
to produce an initial homogeneous nucleation. The reduced stability of the primary mode 
of particles in the absence of surfactant was noted. Stability was thought to be brought 
about via in situ generated surfactants during this stage, which resulted in a decrease in 
particle number as seen here. A second mode of particles was generated via surfactant 
addition during the reaction together with a monomer feed. The bimodal system studied 
in these papers and the case presented here are very similar in character, in that particles 
are first generated in the absence of surfactant, followed by a period of nucleation resulting 
from radical entry into micelles. 
Figure 4.7 compares the end-time number- and weight-averaged PSDs from the high, 
medium, and low initiator cases. Referring to Figure 4.7(a) the effect of increasing persul- 
phate levels is as follows: the particles contained within micellar nucleated mode (centred 
around 25 nm for the low initiator case: dash-dotted line) grow larger (right shift) and 
become more polydisperse with increasing initiator feed. 
The particles within the homogeneously nucleated mode (centered around 100 nm for 
the low initiator case: dash-dotted line) are also observed to grow larger. The homogeneous 
mode becomes relatively larger in comparison to the micellar mode as initiator level is in- 
creased. This behaviour is partly due to the increased magnitude of initial homogeneous 
nucleation occurring at higher initial persulphate levels. With more initial persulphate 
the number and surface area of the homogeneously nucleated particles increases, therefore 
due to surfactant partitioning effects explained above, the amount of surfactant aN, -ailable 
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for secondary nucleation decreases (resulting in a smaller micellar nucleation). In addi- 
tion, increased initiator generates more aqueous phase radicals by reaction with sparing 
monomer, leading to higher numbers of radicals per particle and increasing growth rates. 
The increased growth rates during the reaction effect the relative end-time PSDs, and are 
responsible for the right shift of the homogeneously nucleated particle mode, as well as 
the micellar nucleated mode. 
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Figure 4.7: Number and weight-averaged end-time PSD profiles for initiator perturbation exper- 
inient set with 1 wt% CTA. 
Figure 4.8(a) shows the solids content evolution. For higher initiator levels, solids 
content is seen to increase more rapidly and the maximum is achieved sooner, consistent 
with higher growth rates. The maximum achieved solids content value is similar for all 
three cases: approx. 20% and coincides with 100% conversion, at around 20 mins. After 
most of the monomer has been converted, solids content decreases due to the additional 
water input that constitutes the persulphate feed solution, causing a dilution of the reactor 
contents while little or no monomer exists to polymerise and counter this action. The rate 
of decrease is most for the higher initiator cases. 
Figure 4.8(b) shows the evolution of particle number for the initiator perturbation 
experiment set. After a maximum particle number is reached all experiments show a 
rapid decrease in particle number, attributed to coagulation effects. Persulphate level 
appears to have little effect on the magnitude of the decrease, an indication of a dominant 
coagulation effect early on in the process, a result of the initial weak particle stabilisation 
Chapter 4. Experimental Studies &-- 
-"\I(-)del Validation ill 
20 
-0 
'ö 
U) 
high 
med 
low 
x 10 
8 
(D 
CL 5 
0 
4 
E 
=3 z 
2 
1 
0 20 40 60 80 100 120 0 20 40 60 80 
Time, min Time, mins 
(a) (b) 
-ä- high 
84 med 
--0- low 
100 120 
Figure 4.8: Solids content and particle number evolutions for initiator perturbation experiment 
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in the absence of external surfactant. 
After 10 mins, secondary micellar nucleation influences particle number. The lower the 
initiator level the greater the increase in particle number. This is due to the fact that the 
smaller initial homogeneous nucleation and lower growth rates, typical of the low initiator 
levels, result in smaller and less numerous homogeneously-nucleated particles, than those 
homogeneous modes of particles that result from higher initiator levels. Therefore, upon 
addition of surfactant, more is used to stabilise the larger surface area presented by the 
particles in the high initiator case, leaving less surfactant, available for the secondary 
nucleation (observed as a lower final particle number value). Minimal coagulation is 
observed to take place after the surfactant addition due to its strong stabilisation effect. 
4.4.4 Initiator Perturbation: effect on MWD 
Figure 4.9(a) shows that, within experimental error bounds, the number-averaged MW 
remains relatively unchanged for the low and medium initiator cases. However, as can be 
seen from Figure 4.9(b) the actual distributions (with similar number-average properties), 
are in fact different. The MW results for the high initiator case are missing here as 
GPC analysis was precluded due to polymer insolubility in the THF solvent, possibly due 
to a high degree of gel formation. This was despite CTA being used at 1 wt% per total 
monomer, which would act to subdue gel formation by reducing the number of branches per 
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Figure 4-9: a) Number-averaged MW evolution and b) End-time MWD profiles for medium and 
low initiator cases: with 1 wt'/o CTA. 
chain (for more details see next section: CTA perturbation). As increasing initiator levels 
meant that the homogeneously nucleated fraction of particles was greater, it is possible 
that reactions occurring within the larger particles were influential in gel formation (there 
is more polymer to accept radicals from donating chains). Therefore, the gel fraction 
would be greater in cases of high initiator, at least for the initiator range employed in this 
experiment set. 
The polydispersities of low and medium initiator cases are 7 and 2.8 respectively. This 
is reflected in the MWDs in Figure 4.9(b). The lower initiator case produces a larger 
fraction of high molecular weight chains. This can be explained by looking at the relative 
total particle number for the low and medium initiator cases: after 10 mins, the particle 
number decreases for increasing initiator (c. f. explanation in preceding section). The 
decreased particle number and increased generation of radicals leads to a higher number 
of radicals being present in particles. Therefore, the MW achievable, before termination 
occurs, is lower. On the other hand, decreased initiator leads to decreased radical numbers 
inside particles, resulting in a larger fraction of high molecular weight chains. 
4.4.5 Summary of Initiator Effects 
By increasing the amount of initiator used in the initial reaction charge, the magnitude 
med 
low 
of the homogeneous nucleation is increased. Through surfactant partitioning effects, the 
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subsequent micellar nucleation event is reduced in magnitude. The difference. ý, in magni- 
tude of the two nucleations directly effects the ratio of the two peaks shown in the bimodal 
end-time PSDs. The increased initiator feed leads to an increased level of aqueous phase 
radicals, which enter particles causing an increase in growth rates and hence an increase in 
the size of the particle modes. Where GPC analysis is possible (medium and low cases), 
it is seen that an increased initiator level results in a lower end-time particle number 
through a cascade effect of increased homogeneous nucleation on micellar nucleation. The 
decreased particle number and hence increased radicals entering each particle from the 
aqueous phase results in a decreased fraction of high MW chains in the MWD. Increased 
initiator level also results in a more rapid increase in solids content of the latex, due to 
increased growth meaning a maximum conversion is reached in less time. 
4.4.6 CTA Perturbation: effect on PSD & MWD 
Dried latex samples from experiments without CTA apparently reached impractically high 
molecular weights precluding their dissolution in organic solvent (THF), a step required 
for the determination of molecular weight. It seems that chain transfer to polymer (pro- 
ducing long-chain branching), typical for VAc '[1611 and recently found in BuA, [162] was 
most probably occurring in the absence of CTA (which would otherwise compete with 
the polymers for chain transfer reactions), therefore, together with prevalent cross-linking 
reactions via combination, produced a gel. As mentioned, the model developed for this 
process does not account for chain transfer to polymer, therefore in light of the findings 
of these experiments it is important to realise the model limitations in cases wherein CTA 
is not used. To reduce the amount of gel formation, CTA was added to the monomer at 
various concentrations. CTA partitions between the phases and provides a highly reactive 
site for chain-transfer of active radicals from growing polymer chains. CTA reduces the 
amount of gel formation by influencing the radical dynamics such that the dead polymer 
molecules are shorter on average and it reduces the average life time of a polymer chain. 
thereby possibly reducing the number of cross-links per polymer chain and the length of 
the branches. Upon transfer to CTA the resultant species will polymerise by free radical 
chain addition in much the same fashion as a short chain radical produced from monomer. 
It was speculated that increased levels of CTA would provide an increased concentration 
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of chain transfer sites, with the effect of reducing overall molecular weight. With CTA 
addition, the latex produced readily dissolved in THF and could be processed for molecu- 
lar weight determination using GPC. The effect of perturbing CTA concentration on PSD 
and MWD was studied [Table 4.1: 0%, 1%., 3V(j cases]. 
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Figure 4.10: End-time PSD profiles for CTA perturbation experiment set. 
Figure 4.10 shows the effect of CTA concentration on end-time PSD profiles. The 
number-averaged PSD profiles [Figure 4.10(a)] show minimal response to varying CTA 
level. A more discernable effect is visible in the weight-averaged PSDs [Figure 4.10(b)]. 
As CTA concentration is increased the magnitude of the micellar peak (centred around 35 
nm) increases. This is due to the dynamic interactions between the processes of particle 
entry and desorption. The increased chain-transfer reactions, a result of increased CTA 
concentration, favours desorption from preexisting particles (those generated by homoge- 
neous nucleation). Thereby, when the critical micelle concentration is reached, there will 
be a greater chance of aqueous phase oligomers entering the generated micelles. result- 
ing in a larger number of micellar nucleated particles. Figure 4.10 shows that there is 
little difference in the sizes of homogeneous modes. This is due to the CTA effect being 
most predominant at the highest concentration: upon addition of monomer feed at 10 
mins. This also coincides with the surfactant feed, therefore the main effect of CTA is on 
desorption around this time, greatly impacting the level of micellar nucleation. 
The 0 wt% CTA case resulted in a high insoluble gel fraction (>60%), precluding NIW 
measurement. Figure 4.11(a) indicates the effect on number-averaged 'NINN" of increasing 
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CTA cases. 
CTA from 1 wt% to 3 wt%. At the lowest CTA concentration the end-time number- 
averaged MW is approx. 100 k, halving to approx. 50 k when CTA is increased to 3 wt%. 
The MWDs [Figure 4.11(b)] highlight the large reduction in long chains and increase in 
short chains, a direct effect of the strong CTA influence on chain-transfer reactions. This 
means that the entire MWD becomes less positively skewed and decreases in polydispersity 
as a result of CTA action. 
4.4.7 Summary of CTA Effects 
Increasing CTA concentration positively effects short chain production, therefore increas- 
ing desorption levels. This factor increases the level of aqueous phase radicals which then 
enter micelles upon surfactant addition, and thereby cause a marked increase in the number 
of micellar nucleated particles across the experiment set. With the current experiments, 
the growth of particles is not effected due to the shotwise addition of CTA coinciding with 
surfactant addition, thus the CTA effect is limited to nucleation events. Increasing CTA 
imparts a considerable and more direct effect on XIWD. This effect is a consequence of 
increased chain transfer, limiting the growth of chains via polymerisation within particles 
and decreasing MW. 
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4.4.8 Monomer Perturbation: effect on PSD, solids content and number 
of particles 
This section examines the results from experiments aiming to perturb monomer feed, and 
are referred to as MI I M2 and M3 cases 
[as per Table 4.1]. The effect of varying the amount 
of monomer feed on end-time PSD is elucidated clearly by Figure 4.12. Increasing the 
magnitude of the monomer feed causes the micellar nucleated mode of particles (centered 
around 35 nm) to shift towards the right and broaden i. e. the particles are growing larger 
and becoming more polydisperse. 
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Figure 4.12: End-time PSD profiles for monomer perturbation experiment set with I wt% CTA. 
Solids content evolutions are shown in Figure 4.13(a). Solids are observed to increase 
rapidly, the rate of increase being similar for all three cases (this is expected as recipes 
are identical until monomer feed at 10 min). Case N11 reaches a maximum of -20% solids 
at around 25 min. Case M2 has a prolonged increase in solids content due to additional 
monomer supplied, and reaches a maximum slightly later than MI at a value of 25%. 
Case M3 shows a further increase in maximum solids achieving a maximum value of 32%. 
The monomer reaches total conversion within 30 mins in all cases, with a slower rate of 
approach to maximum conversion for a larger monomer feed capacity. 
Figure 4.13(b) shows the evolution of particle number for the monomer perturbation 
experiment set. The particle number profiles are similar for all cases for times up to 10 
min. After 10 min, at the time of the monomer and emulsifier 
feed commencing. the 
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Figure 4.13: Solids content and particle number evolution for monomer perturbation experiment 
set with I wt% CTA. 
particle number increases in all cases. The largest increase in particle number is seen in 
the M3 case with progressively smaller increases for M2 and MI. At 20 min there is a 
maximum difference between the 3 cases in terms of particle number. This difference is due 
to there being more aqueous phase oligomers at higher monomer feed levels enhancing the 
micellar nucleation event. After the maximum disparity in particle number, the fact that 
more particles have been nucleated in the M3 case means that there is lower coverage by 
surfactant and as a result we see a large decrease in particle number due to coagulation for 
M3, and a progressively smaller decrease for smaller monomer feeds (case M2 then M1). 
Due to this differential coagulation phenomena, the particle number difference between 
the three cases is greatly reduced. 
4.4.9 Monomer Perturbation: effect on MWD 
Figure 4.14(a) indicates that as the monomer feed is increased in magnitude from MI 
to M2 case, the weight-averaged MW decreases considerably (end-time values are approx. 
290 k for M1 and 200 k for M2). Case M3 does not decrease any further in terms of weight- 
averaged MW. The XIWDs in Figure 4.14(b) allow interpretation of the average NIW data. 
In theory the first stage of all the reactions in this set should be identical, until the addition 
of the monomer feed (at 10 mins). The results show that by increasing the magnitude 
of the monomer feed, the proportion of high MW chains in the AIWD decreases. The 
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Figure 4.14: a) Weight-averaged MW evolution and b) End-time NIWD profiles for inolionler 
perturbation experiment set with I wtVc CTA. 
increased monomer feed resulted in a prolonged particle and aqueous saturation period. 
The aqueous phase radicals would therefore be present for a longer period, thereby entering 
particles and increasing the relative chance of termination, reducing the average MW. The 
latter effect was apparently greater than the effect of increased monomer concent ration, 
which would be expected to increase MW- 
4.4.10 Summary of Monomer Effects 
Increasing the monomer feed affects the system in terms of increased micellar nucleation 
and particle growth within this mode. The homogeneously nucleated particles are some- 
what less affected. The rate of conversion is similar in all cases, however a proportionally 
higher maximum solids content is attained for higher monomer feeds. Increased monomer 
feed leads to a higher jump in particle number due to enhanced micellar nucleation, how- 
ever the difference in particle number is short lived due to a limited surfactant concen- 
tration and associated coagulation, even reversing the trend. With respect to NIW of the 
latex, increased monomer feed leads to higher entry rates for a prolonged period, thereby 
limiting the fraction of high MW chains achievable. In this experiment set, monomer 
perturbation is seen to strongly effect both PSD and MWD. 
Ml --I*-M2 9 M3 
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4.4-11 Surfactant Perturbation: effect on PSD, solids content and num- 
ber of particles 
The PSD profiles in Figure 4.15 indicate that the SI case results in a monomodal PSD 
with a shoulder evident in the number-averaged plot, whilst S2 and S3 both give clear 
bimodal distributions. The timing of the surfactant feed in S1 is such that instead of 
two sequential nucleation events (as in all other cases), a combined homogeneous/ micellar 
nucleation takes place early in the reaction. The large, singular nucleation event in SI is 
evident in the particle number profile [Figure 4.16(b)]. Approximately 2.5xl 018 particles 
are nucleated in the SI case, clearly more than in the other two cases. These particles, due 
to their large surface area undergo rapid coagulation, until a time when they reach a state 
in which the surface coverage by surfactant is able to provide more effective stabilisation. 
The PSDs [Figure 4.15] of S2 and S3 are bimodal, due to there being sufficient time 
between the initial homogeneous nucleation event and subsequent surfactant addition. 
The surfactant feed profiles in S2 and S3 are the same, however the concentration of S3 
(8%) is double that of S2 (4%). The extra surfactant molecules in case S3 are responsible 
for an increased aqueous phase micelle concentration at around 10 mins. Due to there 
being more micelles in S3, there is a greater chance of aqueous oligomers entering micelles 
than particles, leading to a larger micellar nucleation event. Hence, the relative size 
difference between the micellar and homogeneous peaks in S3 is reduced further from that 
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Figure 4.15: End-time PSD profiles for surfactant perturbation experinient set with I wtVc CTA. 
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displayed in case S2. 
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Figure 4.16: Solids content and particle number evolution for surfactant perturbation experiment 
set with 1 wt% CTA. 
Figure 4.16(b) shows the larger micellar nucleation event of S3 in terms of a greater 
particle number increase after approx. 10 min. S3 reaches a particle number almost twice 
that of S2 at around 20 mins. In Figure 4.16(b), case S2 shows a greater degree of coag- 
ulation than S3 immediately after the micellar nucleation event, due to less stabilisation 
from surfactant. The particle number in S2 then stabilises, and indicates a lower rate of 
coagulation than S3. This effect occurs due to there being a greater magnitude of micellar 
nucleation in S3, resulting in a disparity between the increased particle surface area and 
increased surfactant level, with a non-linear effect existing between the degree of increased 
stabilisation provided and the surface area. S1 shows a similar level of coagulation to S3 
during the period following the micellar nucleation event, despite the increased amount 
of surfactant, due to the relative size of particles and increased surface area over which 
surfactant could adsorb. What is interesting here, is that all particle number profiles, S1, 
S2 and S3, seem to approach a similar value towards the end of reaction due to different 
coagulation rates. The marked difference in PSI)s between S1 and S2/S3, together with a 
similar end-time particle number would seem to indicate that solids must be different to 
account for this. This is in fact shown by Figure 4.16(a), with S1 achieving a slightly lower 
maximum solids content than the other reactions. The rate of increase in solids content 
up to the maximum is higher in S1 than in the other two cases. 
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4.4.12 Surfactant, Perturbation: effect on MWD 
Figure 4.17 shows that weight-averaged MW is highest for case S1 and is lowest in case 
S3. The reason for case SI reaching the highest average molecular weight, reflected in 
the largest fraction of high-MW chains in the MIATD [Figure 4.17(b)], is due to the large 
initial particle number and small particle size. The large number of particles meal-is that 
there will be a lower number of radicals per particle to promote growth via polymerisation. 
Before 20 mins, the particle number in cases S2 and S3 is considerably lower than in SI. 
This is due to the combined nucleation event resulting from the surfactant level being 
above the emc at early times in SI compared to the homogenous nucleation in S2 and S3. 
Thus, there is likely to be more radicals per particle in general, promoting termination and 
lowering MW. Comparing the MWDs of case S2 and S3, there is a decrease in the high 
MW and an increase in the low MW fraction of the MWD [Figure 4.17(b)] as surfactant 
concentration is increased. This is due to the ratio of number of homogeneous and micellar 
nucleated particles. The more predominant micellar mode of particles in case S3 means 
that the rate of entry will be altered such that more radicals exist within smaller particles 
lowering MW due to increased termination and lower monomer concentration. 
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Figure 4.17: a) Weight- averaged TNIAV evolution and b) End-time MWD profiles for surfactant 
perturbation experiment set with I wt/o CTA. 
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4.4.13 Summary of Surfactant Effects 
The timing of surfactant was the most important factor in determining the nature of the 
PSD (i. e. whether a bimodal PSD was produced or not). When surfactant addition is 
sufficiently delayed following the initial homogeneous nucleation period, a bimodal PSD 
is produced. It is important to understand the mechanisms governing the production of 
bimodal PSDs considering that they have been shown to lead to improved end-product 
properties (e. g. viscosity and packing fraction). If this delay period is too short. a com- 
bined nucleation results in a large, single mode of particles. When two distinct nucleation 
events are engineered, an increased surfactant concentration leads to an enhanced micellar 
nucleation event increasing the relative size of the micellar particle mode in the end-time 
PSD and leading to a greater increase in particle number. The increased availability of 
surfactant molecules results in a smaller drop in particle number immediately following 
micellar nucleation. The rate of conversion is fastest in the case where a monomodal PSD 
is produced. Early surfactant addition results in the highest initial number of particles, 
therefore the radical number per particle is low promoting growth of polymer chains, lead- 
ing to an increased fraction of high MW chains in the MWD. Where a bimodal PSD is 
produced, increasing surfactant concentration causes a small decrease in final MW. 
4.4.14 Comparison of Component Addition Policies 
The preliminary model simulation results presented in Chapter 3 demonstrated different 
addition policies to those used in these experiments, therefore it is pertinent to compare 
the results. The model at this point had not been compared to experiment and param- 
eters consisted of a nominal set. The simulation in Chapter 3 incorporated a continuous 
monomer addition over the whole batch, whereas in this experimental set monomer was 
added in an impulse like fashion (i. e over a far more compact time frame). The shot 
feeding policy was chosen as a convenient and proven method to produce bimodal PSDs, a 
favorable type of distribution typical of many industrial operations for reasons explained 
earlier. The difference in feeding caused the particles contained within the homogeneously 
nucleated peak (to the RHS of the distribution) in Figure 3.14 to grow larger, the cas- 
caded effect of which reduced the magnitude of the subsequent micellar nucleation (i. e. 
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the relative size of the peak to the LHS of the distribution decreases). In the experlmental 
case [Figure 4.12] the homogeneously nucleated peak also shifts to the right, however the 
micellar peak (the LH peak of the distribution) becomes larger and shifts to the right. 
highlighting the effect of partitioning of the monomer impulse amongst the distribution of 
particles in the system. With respect to the molecular weight indicated by the simulation 
case in Chapter 3 (continuous monomer feed), the system distribution of molecular weight 
increases as the monomer feed is increased. This is in contrast to the apparent decrease 
in final weight-averaged molecular weightas demonstrated by the experimental system. 
The difference in feeding policy of CTA appears to effect the PSD results. In Chapter 
3 (simulation case), where CTA was added in a continuous fashion over the batch. the 
perturbation of CTA seems only to effect MWD results, with minimal effect on PSD. A 
larger effect on PSD is seen when CTA is added in a concentrated form together with 
monomer feed, as in the experimental case. This effect should be taken into account 
wherein CTA is desired to be used as a control variable to impart change to MWD without 
effecting PSD. 
Finally, in the case of initiator perturbation, for the experimental set the concentra- 
tion of initiator feed was increased in proportion to the initial amount of initiator. The 
simulation in Chapter 3 only involved an increase of initiator feed rate and showed the 
same trend in PSD as in the experiment, but to a far lesser extent. This shows that in 
controlling PSD, the initial level of initiator has a greater effect than initiator feed rate 
due to the extent that the initial mode of particles impacts subsequent nucleation events. 
4.5 Preliminary Model Validation Results 
The experimental studies presented above illustrate the ability to independently control 
both PSD and MWD. They also illustrate the complexity of the interaction that exists 
between PSD and MWD, and the plethora of intricate mechanisms that define the emer- 
gence of these distributed features. A mechanistic model of PSD and MNN7" D will benefit 
from comparison to the experimental data, and on the other hand, once sufficient mech- 
anistic knowledge is incorporated, can provide a facility to aid experimental design. A 
model may also provide a means to quantify the restrictions on simultaneous control of 
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PSD and MWD and to map out reachable regions. 
The emulsion polymerisation model described in Chapter 3 was used to simulate the 
conditions used in the preceding experiments. The objective was to deduce the capability 
of the model to reproduce experimental trends in response to perturbations in process 
manipulations. A preliminary comparison will be made to verify the model features and 
suggest further refinement. Those parameters tuned are highlighted in Table 4.2 and 4.3. 
A single case ('high' initiator) was used to tune minimal parameters by hand, with no 
further tuning done for comparison to further cases, making this a good test of model 
capability. Only the values different to the nominal parameter set indicated in Chapter 3 
are shown. The following sections compare experimental results and model predictions. 
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Table 4.2: Tuned values for kinetic parameters used in model. 
Kinetic Parameter Value Units Ref. 
kp II= k 'y 11 16.45 x 
103 f. mol-I . s- 
1 
kp12 
p P 
k' 12 X 104 44.5 f- mol-1 S-1 
k p2l 
p 
k' p2l 19.5 x 10, 
-1 f mol 
1 
s 
kp22 k' p22 X 
102 12-35 f M01-1 .1 s- 
ktrII = kt'rll X 10-3 46.5 
f mol-1 . S-1 
ktr12 = k' tr12 X 10-3 46.5 
f mol-I . S-1 
ktr2l = k' tr2l X 10-4 26.5 
f. mol-I . S-1 
ktr22 = k' tr22 X 10-3 46.5 
f mol-1 . S-1 
ktrAI k' trAl X 103 9.54 
f mol-I S-1 
[1631 
ktrA2 k' t A2 X 103 9.54 
f mol-1 S-1 
[1631 
ktil = 
r 
kt'll X 107 5.25 f mol-1 S-1 
kt12 - k' t12 11.8 X 
105 f mor, S-1 
kt2l - k' t2l 11.8 X 105 
f mol-I -S-1 
kt 22- k, 79 
. 99- 
8X 103 f M01-1 - S-1 
krl 100 f- mol-l S-1 
kr2 100 f- mol-l S-1 
kd 28.8 X 10-7 S-1 
Table 4.3: Tuned values for physical constants used in model. 
Physical Constant Value Units 
cmC 1.5 X 10-3 molf-I 
ams 42 x 10-19 M2 
D, j 6 (n=2) cm S-1 
Dw2 11 (n--2) cm S-1 
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4.5.1 Effect of Initiator 
The end-time weight-averaged PSD profiles in Figure 4.18(a), resulting from a tuned 
simulation, are representative of those produced experimentally [Figure 4.18(b)] in that 
they indicate an increasing initial homogeneous nucleation for increasing initiator levels. 
Simulations also show that subsequent micellar nucleation events, reflected in particle 
number evolutions [Figure 4.19], are effected in a similar fashion to that demonstrated 
by experiment i. e. micellar nucleation decreases for increasing initiator. The simulation 
however does not appear to be able to properly capture the sharp initial increase in particle 
number due to homogenous nucleation which may account for some of the discrepancy in 
PSD. Similar ratios between PSD peaks are shown in both cases. The simulation however 
appears to show less growth in the micellar nucleated modes than is shown experimentally, 
suggesting a need to improve the growth model and its parameters. 
The experimental average MWs shown in Figure 4.20(b) were too close to allow defini- 
tive deductions to be made, however the model predictions [Figure 4.20(a)] clearly indicate 
an increase in end-time average MW, for a decrease in initiator levels. This would seem 
to be confirmed in the experimental results for MWD where an increasing fraction of high 
MW chains is produced in the MWD for lower initiator levels ýsee Figure 4.9(b)]. The ex- 
perimental result for the molecular weight in the high persulphate case was not obtainable 
due to gel formation as explained earlier. 
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Figure 4.18: a) Simulation and b) Experimental results for end-tinie weight-averaged PSD for 
initiator perturbation set. 
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4.5.2 Effect of CTA 
Simulations of CTA perturbation are all in accord with experimental trends as shown in 
Figure 4.21 and Figure 4.22. The simulation for PSD in Figure 4.21(a) indicates that the 
0% CTA case produces the smallest micellar mode of particles (peak centred around 20 
nm) due to lack of desorption of low MW species, a consequence of reduced chain transfer. 
When the 1% CTA case is simulated a marked increase in the micellar nucleated mode 
of particles results. A further increase in the same peak is observed for the simulated 
3% CTA case, similar to that observed by experiment [Figure 4.21(b)]. With respect to 
-------------------- 
----------------- 
med 
low 
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average MW, the model was able to simulate all three cases (OVr,, 1% and 3%), however it 
was not possible to obtain an experimental result for the 0% CTA case. Figure 4.22 shows 
that both model simulation and expermiment indicate a sizable decrease in NIW for an 
increase in CTA concentration. 
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Figure 4.21: a) Simulation and b) Experimental results for end-time weight-averaged PSD for 
CTA perturbation set. 
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4.5.3 Effect of Monomer 
Simulation of weight-averaged PSD for the monomer perturbation set [Figure 4.23(a)] 
demonstrated a bimodal nature similar to that observed experimentally [Figure 4.23(b)), 
-e-- 3 
0/ 
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Figure 4.23: a) Simulation and b) Experimental results for end-time weight- averaged PSD for 
monomer perturbation set. 
however the magnitude of the micellar nucleation was underestimated. This is due to the 
level of conversion predicted by simulation being far lower than the experimental value 
around the time of the micellar nucleation event. In the experimental system, where there 
is a very low amount of monomer present around the micellar nucleation time, a mecha- 
nism exists, whereby an increased monomer feed at this time can positively influence the 
nucleation event. In the model, conversion is much lower and we do not see the same effect. 
In fact there is a reduction in free aqueous surfactant due to the increased surface area pre- 
sented by the monomer swollen particles, negatively influencing the micellar nucleation at 
increased monomer feed rates [compare particle number evolutions in Figure 4.24]. Thus 
again, the growth aspects of the model require improvement. 
The reduction in micellar nucleation impacts on the simulated values for particle num- 
ber; decreasing for increasing monomer, thereby affecting the average MWs in a manner in- 
consistent with experiment [Figure 4.25). The simulated average MWs [see Figure 4.25(a)] 
increase as monomer is increased. This is due to particle number considerations and their 
effect on radical flux into particles. Despite the end output differences, the overall model 
mechanistic approach still adequately represents the process, the differences in this case 
highlighting the cascaded effect that a different conversion can have on NINN"D (reflected 
through micellar nucleation, particle number and finally NIW). By simulating the ad- 
vanced conversion at the intermediate time prior to the monomer feed that is implied by 
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experiment, better results should be expected. 
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monomer perturbation set. 
4.5.4 Effect of Surfactant 
PSD simulation results for the surfactant perturbation experimental set are shown in 
Figure 4.26(a). The experimental results shown in Figure 4.26(b) suggest that compared 
to the S2 and S3 cases, in the S1 case, the micellar nucleation is advanced. In the S2 and S3 
cases, micellar nucleation occurs around 15 min, whereas in the SI case, it occurs early so as 
to present a single mode of particles. This can also be seen in the shoulder of the simulated 
Time, min 
(b) 
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number- averaged PSD [Figure 4.15(a)]. While the model captures this advancement of 
the micellar nucleation in the S1 case, it is still not perfect, creating a slight shoulder 
(corresponding to the homogeneous particles) in the PSD, instead of a monomodal PSD. 
The experimental weight-averaged PSD trends for the S2 and S3 cases are well represented 
by the model; firstly, both have clearly defined bimodal PSDs, furthermore as surfactant 
concentration is increased, the relative magnitude of the micellar nucleated mode increases 
[Figure 4.26(a), mode centred around 40 nm]. This mode actually shifts slightly to the 
left, the opposite way to the experiment, again manifesting the discrepancies in the growth 
model. The simulated evolution of the number of particles [Figure 4.27(a)] approaches the 
same order of magnitude as the experiment [Figure 4.27(b)] and correctly indicates the 
timing of nucleation events, however the amount of micellar nucleation for case S3 is 
over-predicted due to incorrect surfactant levels. In relation to MWD [Figure 4.28] both 
experiments and simulations show a relative insensitivity to surfactant perturbations. 
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Figure 4.26: a) Simulation and b) Experimental results for end-time weight-averaged PSD for 
surfactant perturbation set. 
Based on these preliminary comparisons, key discrepancies of the model have been 
identified. In particular, the growth model and its response to initiator is found to not 
match experiments well. This error cascades into further errors in nucleation. Also, errors 
have been identified in the nucleation model. Further, parametric uncertainties exist in the 
model. However, the qualitative correspondence in most cases is encouraging. There are 
a number of uncertain parameters that exist within the detailed model, and as mentioned 
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at the beginning of this section, tuning has been carried out in so far as a few manually 
adjusted parameters to move simulation results into the same region as demonstrated by 
the experiment. The large number of critical parameters and the complex interactions 
that result from the mechanisms they govern, mean that manual parameter tuning is 
insufficient to provide a comprehensive fit with experimental results. Although the model 
embodies the required mechanisms to adequately describe the emulsion polymerisation 
process, a more formal and rigorous optimisation of uncertain model parameters is needed. 
As a further study it is proposed to use the experimental data to more accurately tune 
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the model focussing on parameters that govern the important underlying mechanisms: I 
growth, nucleation and coagulation. This can be done using optimisation techniques such 
as those highlighted in Chapter 6: Future work. 
4.6 Chapter Summary 
This work highlights the complexity of the underlying mechanisms and reactions in emul- 
sion polymerisation. This aspect is especially evident in the current scenario, "N'here bi- 
modal PSI)s have been engineered to be representative of current industr-.,,, trends. What 
sets emulsion polymerisation apart from other types of polymerisation is the particulate 
nature, the establishment and dynamics of which is clearly seen to affect the mechanisms 
that shape both PSD and MWD. The coupling between PSD and MWD evident from 
these experiments has been comprehensively discussed and summarised in each of the four 
cases presented. The same conditions used for experiments have been simulated using a 
comprehensive population balance model. While the model wa's able to reproduce some 
of the qualitative trends, it showed discrepancies in others. In such cases aspects of the 
model that need refinement were identified. The comparison between model and simu- 
lation allowed for a more detailed insight into how different process mechanisms effected 
PSD and MWD, as well as providing a platform for model improvement. The work con- 
firmed that CTA was the most useful candidate for MWD manipulation, with minimal 
alteration of PSD. In contrast, for the manipulation of PSD with minimal alteration of 
MWD, no variable in particular stood out. This paper provides the starting point to fur- 
ther map in detail, the restrictions on attainable regions for simultaneous control of PSD 
and MWD. Also, the potentially erroneous mechanisms of the model that were identified, 
can be investigated for model improvement. One mechanism that certainly has the po- 
tential to effect model results through lack of accounting, as alluded to in Chapter 3, is 
compartmentalisation. The model presented in Chapter 3 assumes that pseudo-bulk kinet- 
ics apply, wherein each particle is assumed to act like a miniature bulk reactor. Chapter 5 
looks further into the possible errors that may be introduced into such a PBE model via 
this assumption. Another factor that may have played a part in the disparities betweeii 
model and experiment was the absence of chain transfer to polymer modelling, a reaction 
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that could be prevalent in this type of system. 
Chapter 5 
Compartmentalisation Analysis 
5.1 Introduction 
This chapter will further address the role of compartmentalisation in the previously devel- 
oped model [Chapter 3]. In the literature there have been various attempts at accounting 
for the effects of compartment alisat ion; for instance Butte et al. 1124 , 125 , 1261 developed a 
model for MWD, based on the concept of the doubly distinguished particle (theoretical 
precepts by Lichti et al. [1211 ) Assuming a monodisperse particle population, they high- 
lighted some of the effects of compartmentalisation (i. e. short-long radical termination 
leading to bimodal MWDs) through accurate accounting for the lengths of radicals termi- 
nating within particles. Reynhout et al. ["'] incorporated compartment alisation into their 
seeded emulsion polymerisation model by introducing a compartment alisation factor that 
modified the reaction rates according to a calculation of the fraction of particles that would 
actually house reactions, based on the possibilities for arrangement of the radicals that 
were distributed amongst them. The work in this chapter applies a model structure similar 
to that developed in the work of Saldivar et al. and Reynhout et al. i. e. distinguishing 
between discrete radical classes for each particle size. The novel aspect of this work lies 
in the fact that the two-dimensional representation of particles is solved directly (without 
further simplifications such as the pseudo-bulk assumption as in Salivar et al. [77] ) -within 
a comprehensive framework accounting for nucleation events (Reynhout et al. simplify 
their model by assuming a seeded system). The solution framework is based on a similar 
135 
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rate decomposition algorithm to the one utilised in Chapter 3 as will be described in more 
detail later. 
The PSD model developed in Chapter 3 consisted of 2 one-dimensional PBEs: a balance 
for particle density, and another for the average number of radicals per particle. A key 
assumption in this model is that pseudo-bulk kinetics hold. However, as demonstrated in 
Chapter 3 (section 3.6.2) through a simple manipulation of n via a compartmentalisation 
factor, the molecular weight calculations in the model were very sensitive to termination 
events in particles. At times when the number of radicals per particle is low, the validity 
of this assumption raises questions. The following model development will attempt to 
account in a rigorous manner for the termination events occurring within particles, and 
hence give a clearer indication of the impact of compartment alisation when invoking the 
pseudo-bulk assumption. 
The pseudo-bulk assumption is to be challenged by developing a model that accounts 
rigorously for each particle state in terms of the number of live radicals they contain 
and their size, circumventing the reliance of the PSD model on an average number of 
radicals. It is speculated that in developing a PSD model that accurately accounts for 
intra-particle kinetics, the coupled MWD will also be represented more accurately. The 
MWD model will still be coupled to the PSD model via a calculation of the average 
number of radicals per particle, therefore the forthcoming analysis does not completely 
simulate compartmentalised conditions. It does however provide a means to eliminate the 
over-accounting for termination by counting particles with 1 or less radicals, transferring 
this accurate picture to the MWD model. 
It is clear that in creating a two-dimensional model from the previous one-dimensional 
model will allow a resolving of information on radical numbers. This will however be 
at the expense of computational time, therefore this two-dimensional model structure is 
suggested as means to analyse the impact of compartmentalisat ion, and not necessarily for 
application to on-line model-based control. If however there is considerable improvement 
in accuracy, one could foresee the model being subjected to algorithmic advances for 
speed-up its computation. 
The layout of this chapter is as follows: first the 2D PSD model will be developed, 
then the solution technique will be given. This will be followed by an account of the 
Chapter 5. Compartment alisation Analysis 13 7 
MWD model and its solution. Key simulation results will then be shown, comparing the 
previously developed PSD/MWD model and the one developed in this chapter. 
5.2 2D PSD Model Framework 
The general structure of the previously developed PSD model consisted of a one-dimensloilal 
PBE for particle density (F(r, t)) and another for the average number of radicals per par- 
ticle (ii(r, t)). The model developed in this chapter uses a combination of these two 
approaches, resolving individual particles in terms of their size and the number of radicals 
they contain (radical class). [771 The two-dimensional particle density, F, (r. t), which is 
defined as the amount of particles containing n radicals and is of size r, at time t (where 
n is an integer). The rigorous accounting for intra-particle dynamics at a PSD level (i. e. 
no termination in particle with less than 2 radicals), will allow a more accurate picture of 
MW to be obtained. 
The same overall kinetic scheme as tabulated in Chapter 3 is used here, as are the 
pseudo- homopo lymerisation approximations. 
5.2.1 PSD Model: System PBE 
The PBE equation used to describe the polymer particles F, (r, t) is given as: 
aF (r, t) 
+ (9 (F t) at ar dt 
6n=16(r - 7nuc)Rnuc + (R" entry + 
Rdesorp + Rtermin) 
where, 
(5.2) Rentry = Ei=l Zl=o I 
2 
12 1-i-, (kt, ij [Mpj]+ktrAi 
[Apjj)pin 
Fn+ 1 Fn (5-3) 7- Ej =1 
kdMi (r) 
desorp A kdMj(r)+El=l kpjl[A/Ipll 
2 
i=l 
1: 2=1 pipj ktij 
( (n + 2) (n + 1) F, +2 -n (n - 1) F, (5.4) termin 27AVp(r) 
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This preliminary framework does not include coagulation dynamics, so as to not further 
complicate the model. The terms, R" ry IR 
fl and R I/ on the RES of the ---, v-; tem ent desorp termin 
PBE describe the particle radical class changing events. In the previous ID model, terms 
representing similar mechanisms were used to evaluate an average number of radicals 
per particle, which was in turn used to evaluate size-dependent particle growth. The 
terms in the 2D model appear in the overall PBE on the RHS, as they are linked to 
discrete events that determine the exact number of radicals present in a particle. The 
term Rentry represents the entry of radicals into particles, and has a positive effect on the 
population of particles F,,, upon entry into a particle with one radical less than the class 
in question (F,, -l). 
The term negatively effects F, upon radical entry into a similar class 
of particle. The term R" represents the desorption of radicals from particles. and as desorp 
can be seen from the equation above, has the opposite effect on F. to the entry term 
described above, i. e. it negatively effects F,, upon desorption from a similar class particle, 
and positively effects F,, upon desorption from particles with one more radical than this 
class (F,, +, ). The third term, R" represents the bimolecular termination reactions that termin 
occur between radicals in particles, and since it involves two radicals, positively effects F,, 
when termination occurs in a particle with two more radicals than the class in question 
(F,, +2). The term imparts a negative effect on F,,, when termination occurs inside a particle 
of similar class. The growth of particles in the 2D model is then evaluated for each discrete 
radical class, involving an assumption that Eq. (3.37) holds for the low number of radicals 
considered. Future work may aim to address this issue and therefore model growth in a 
more applicable framework, perhaps adopting a probabilistic Monte Carlo approach. 
5.2.2 PSD Model: Component Balances 
Monomer 
The same partitioning equations as presented in Chapter 3 were used to describe the 
equilibrium state of monomers in the system. A modification was needed for the calculation 
of particle volume, as follows: 
nmax 
Vp =z NA 
ax 4 
zr3 
Z Fn (r, t) dr (5-5) 
Enuc 
5 
n=O 
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The mass balance over monomer is given as: 
dMj 
2 jc, -l 
tr 
E [pn] Vaq 
dt umj - 
E(kp'ij + k'ij)pi[Mj] w 
i=l n=o 
2 rrnax nmax 
- (kpij + kt, ij)pi lmpjl 1: nFn (r. t) dr U=1,2) (5.6) 
fr=rnuc 
n=O 
Surfactant 
The same partitioning equations as presented in Chapter 3 were used to describe the 
equilibrium state of surfactant in the system. A modification was needed for the calculation 
of particle surface area, as follows: 
rmax nmax 
s2 AP =1 47rr, NA Z Fn (ri t) dr 
r. , r u- n=O 
CTA 
(5.7) 
The same partitioning equations as presented in Chapter 3 were used to describe the 
equilibrium state of CTA in the system. The mass balance over CTA is given as: 
dA 
2 j, 1 
[Aw] Vaq UA twrAi)Pwi 
E Ipw 
dt 
n=o 
2 rmax nmax 
1: (ktrAi)Pi[Ap] E nFn (r, 0 dr (5-8) 
i=l 
fr=rnuc 
n=o 
5.2.3 Aqueous Phase Oligorner Balance 
The same pseudo-homopolymer rate constants given in Chapter 3 are used in the following 
aqueous phase radical balances. 
dQ Pwl ] Vq) 
2w icr-I 
V, 
q k [Pw'j + [Rwj dt ri 
[Rw I [Mwi VaAq ýt [PW 
( 
1=0 
0 (ýw + ýtwr + ýtwrA) Ip p 
[Pwlvaq 
p NvIvaq 
+ ýw 
2 
elm w1c , iPwi 
[p 
micelleVaq 
rrnax 
2 nmax 
1 (r) [P, 1 ]Z Fn (r, t) dr (5-9) Eej 
lr=rnuc 
i=l n=O 
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d([PwOT] Vý, 
q) w [pOT]V ktr + ýw [Pl ] V, - kw w 
I 
dt trA w aq p aq 
icr-1 2 
OT] 
m ipwi 
[P ktw [PwOT] [Pwl] + [R,,, ] V,, q eo w 
CmicelleVaq 
rmax 2 nmax 
0 OT ]E Fn (r, t) dr 
Jr 
ei (r)pwi [PW' 
1ý0 
=rnuc i=l n=O 
rniax nmax 
w= nFn (r. t) k (kw +k 
En 
0 dMj (r) dr 
tr trA) 
fr=rnuc 
kdMi (r) + E2 1 
kpil [A 
1= lpil 
dQ Pwn ] Vq) 
n-1] _ [pn]) w n] www 
kw ([P. - ktr [R I dt p Vaq Vaq 
_ en, ipwi 
n 
m 
[PwlcmicelleVaq 
'rmax 
2 nmax 
E 
eý'(r)p, j 
[Pn] E Fn (r, t) dr 
frýrnuc 
i=l n=O 
icr-1 
k [pn] wwE [Pýll + [Rwl Vaq 
( 
1=0 
21 3, ---1 icr-1 
5.2.4 Average Radical Number per Particle 
For model comparison purposes, the equivalent value to ii for the ID model (Eq. (3.27)) 
was calculated from the 2D model by integrating over n for each r, then multiplying by 
the respective n, to give the total number of radicals present in particles of size r. This 
number was then divided by the total number of particles of size r, calculated by summing 
over n for each r, as follows: 
nmax 
nFn (r, t) n=O h(r, t) 
nmax F, t) En=O 
(5-12) 
The global average number of radicals, nglob [see Eq. (3.29) for ID model] was calcu- 
lated from the 2D model via a similar method to that above, except the denominator and 
nominator were both summed over n, as shown below: 
f rrnax nmax 
nFn (r, t) dr r==rnuc 
En=O 
nglob M rmax nmax F,, (r, t) dr fr'=rnuc X: 
n=O 
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5.3 2D PSD Model Solution 
To solve the model given above, a modified solution strategy was developed. based on 
that used for the previous model. [711 The particle radius domain was discretised according 
to a similar grid (250 bins, spanning 2 to 500 nm. radius particles). For computation, 
the grid was updated with a second dimension to account for the class of particle (i. e. 
how many integer radicals it contained). A section of the grid is shown in Figure 5.1. A 
variable describing the maximum number of radicals in a particle was introduced, such 
that the resultant set of equations could be solved. Analogous to Chapter 3, the total 
rb 
amount of particles in element j, with n radicals is defined as: Fj, n - 
fr'bjj- 
I 
F,, (r. 0 dr for i 
j=2,3,..., 250, Fl, n(t) = 
rb' Fn (r, t) dr (n - 0,1, ..., n,,,,,,, 
) 
- n, uc 
n=2 
n=l 
n=O 
F 1,2 F 2,2 
F3,2 
F 
1, j 
F 2,1 F 3,1 
F F 2, F 
e 
rnuc rb, rb, rb, 
Figure 5.1: 2D discretisation grid for F,, (r, t) - 
The hierarchical two-tier algorithm [71] is applied to the system of equations [see Fig- 
ure 5.2j, wherein the first tier the PSD is held constant enabling calculation of the rates of 
nucleation, growth, entry, desorption and termination. The next tier of calculation then 
involves the consolidation of the individual effects to obtain the cumulative 2D PSD using 
the following update scheme (Eqs. 5.14,5.15.5.12 and 5.17). Careful attention must be 
paid to which terms apply to each element of the grid [Figure 5-3]. for example no growth 
update will apply to the first row of the grid (where there are no radicals present). 
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Hold PSD 
[Fn(r, t)] 
FIRST I 
TIER 
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I 
nucleation (t), growth (n, t), 
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----------- I 
Evaluate MWD 
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Is t> final ýýEýý STOP 
time 
Figure 5.2: Adapted Hierarchical 2-Tier algorithm for 2D PSD/NIWD model solution. 
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Fnew, l, l Fl, l - Fl, l 
rb, - ril 
AR1 
+ (At/4) (14Rnucl + 64-Rnuc, 2 + 24Rnuc, 3 + 64Rnuc, 4 + 14Rnuc, 5) (1/45) 
+ (At/4)(14n,,,,,,, 1+64n,,,,,,, 2+24n,.,,,, 3+64n,,, m, 4+14ncom, 5)(1/45) 
ý5.14) 
F,, ew, j, o Fj, o 
+ (At/4)(14n,,,,,,, 1+64n,,,,,,, 2+24n,,, m, 3+64n,. m, 4+14n,,, m, 5)(1/45) 
250) (5.15) 
F,, ew, l, k Fl, k - Fl, k 
rb, - ril 
ARI 
+ (At/4) (14Rnuc, l + 64R nuc, 2 + 24Rnuc, 3 + 64Rnuc, 4 + 14Rnuc, 5)(1/45) 
+ (At/4)(14n,,,,,,,, + 64n,.,,,, 2 + 24n,,, m, 3 + 64n,,, m, 4 + 14n,,, m, 5)(1/45) 
(k - 2, nm,,., ) (5-16) 
F,, ew, j, k Fi, k - Fj, k 
rb, - ril + Fj-l, k 
rbj-l - rij-, 
AR1 ARj-l 
+ (At/4) (14Rnuc, l + 64-Rnuc, 2 + 24-Rnuc, 3 + 64Rnuc, 4 + 14-Rnuc, 5) (1/45) 
(, At/4) (14n,,,,,,, I+ 64n ....... 2+ 24n,.,,,, 3 + 64n,,,,,,, 4 + 14n,,,,,,, 5) (1/45) 
2,..., 250, (5-17) 
where is the rate of nucleation of particles in element Ij (bin corresponding to 
r : -- rn,,,, and n= 1) at the ith time sub-step and n, (,,,,, i (r, n) is the combined rate term 
(at the ith time sub-step) used to update each element due to entry, desorption and 
termination, taking into account the specific particle class and the definition of a maximum 
number of radicals: 
ncom, i (r, n) - 
kntry (r. n) +, I &es (r, n) + Rtermin (r, n) 
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Here, for n=0, 
Rentry, i(rl n) - [A] 
(- Fn (r» (. 5.19) 
Rdes, i (r, n) == [B] 
(Fn+l (r)) (5.20) 
Rtermin, i (r, n) = [C] 
((n 
+ 2) (n + 1) Fn+2)) (5.21) 
for n= 11 
Rentry, i (r, n) = [A] 
(Fn- 
1 (r) - F,, (r)) (5.22) 
Rdes, i (r, n) = [B] 
(2F,, 
+l (r) - 1F, (r)) (5.23) 
Rtermin, i (r, n) :: -- [C] 
((n + 2) (n + 1) Fn+2)) (5.24) 
for n= 21 31 .., nmax - 2, 
Rentry, i (r, n) == [A] 
(F, 
- i 
(r) - Fn (r)) (5.25) 
Rdes, i (r, n) =: [B] 
«n + 1) F+i (r) - nF (r» (5.26) 
Rtermin, i(r, n) - [C] 
((n + 2)(n + 1)Fn+2 - n(n - I)Fn) (5.27) 
for n -- nmax - 
1, 
I Re,, 
t, y, i(r, n) - [A] 
(Fn-l(r) 
- Fn(r)) 
(5.2S) 
(r, n) = [B] 
((n + 1) Fn+ 1 (r) - nFn (r)) (5.29) 
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Rterrnin, i(r, n) = [C] n(n - 1)F, 
) 
(5-30) 
for n- nmax ý 
Rentry, i (r, n) -- [A] 
(F-, (r» (5-31) 
Rdes, i (r, n) : --- [B] nF, (r)) (5-32) 
Rtermin, i(r, n) - [C] n(n - 1)Fn) (5.33) 
with, 
E2 
, 
Eicr-I C, (r)pwi [P, ', ] (5.34) i= 1=0 i 
B -ýý: I- 
E2=, kdMj (r) E j2=1 
(ktij [Allpý I +ktrAi [A py 
I )pi 
(5.35) =' 7A i kdMj(r)+ý-j=j kpjl[Nfplj 
7E21 
E2=1 pipj ktij (5.36) 2 NA VpTr i= i 
Figure 5.3 shows the update considerations that apply to each element of the 2D 
n=2 
n=l 
n=C 
917 -gr 9-11'ý -gl 
cr g, 71 0 "g, g g 
r e r Izj 
rnuc rb, rb, rb, 
Figure 5.3: 2D grid update considerations. 
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discretisation grid proposed. The term g,,,, t indicates that a particular element will contain 
a fraction of particles that grow into the adjacent element (to the right). The term gin 
indicates that a particular element will receive particles from the element to the left (via 
growth). Nucleation is only applied to element F1,1. The term n,,,, is used to update all 
elements including those with no radicals, according to the equations given in this section. 
5.4 MWD Model and Solution 
The MWD model structure developed in Chapter 3 v,, as incorporated into the 2D PSD 
model. The solution technique involved application of the method of moments to the 
MWD population balances, in the same fashion as previously shown. Again, a one-way 
information flow was established between the PSD and '. \I'"'D models, with n (r, t) being 
equated with the zeroth moment of the live polymer chain length population balance: 
00 
ANO t) E 10 (Npl 
1==O 
(5-3 TO 
It is noted that although h(r, t) represents an average number of radicals per particle., 
the rigorous accounting for intra-particle kinetics through a 2D balance on F, (r, t) allows 
the effect of compartmentalisation, if any, on this system to be conferred through this 
term. The 2D PSD model is self-contained, relying on no calculation of h. The set of 
ODEs that resulted from application of the method of moments to the MWD population 
balances were solved using a first order predictor-corrector integrator in the sequential 
algorithm shown in Figure 5.2. 
glob), and 
the global weight-average molec- The global number-average molecular weight, (N 2 
ular weight, (W2 for the entire system are given as: glob 
r DO (r, t) 
Enmax F, (r. t) dr fr, max NAMW (r, t) A n=O Ng2job t) min rm. I: n ax 
(5.38) 
ADO 
n 
! ýO Fn (r, t) dr frmin 
rmax n t) Enmax 
Wg'Iob (r, t) =-- 
fr, 
min 
WAMW(r, 
_t)/XD1(r ., 
=o 
F (r, t) dr 
fry: %,., 
(, 5.39) 
., 
'na'x AD1 
n=O 
Fn (r, t) dr 
niin 
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5.5 PSD/MWD Results and Discussion 
The original ID PSD/MWD model described in Chapter 3 and the 2D model developed in 
this chapter, were used to simulate an emulsion polymerisation process, sharing identical 
inputs and parameter values (values used as per Table 3.1 and 3.2). This was done to 
observe the difference in results due to model structure i. e. pseudo-bulk assumption of 
the 1D PBE-based model verses the new 2D PBE-based model that rigorously accounts 
for intra-particle reactions for PSD. 
The recipe simulated was the medium initiator case as indicated in Table 4.1. By using 
this particular recipe, information can be gained regarding the role of compartmentalisa- 
tion in the model validation carried out in Chapter 4; also observations should be possible 
as to the effect of the impulse-like monomer feeding policy employed. Also, a comparison 
was made between the ID model, 2D model and experimental results for PSD for each of 
the surfactant perturbation cases shown in Table 4.1. 
5.5.1 Convergence of n 
Since closure of the model equations, and therefore of the solution technique, requires a 
maximum value of n to be defined, a suitable maximum was obtained by simulating several 
cases for nmax. The minimum value of n,,,,, x, wherein PSDs fully converged, was taken 
as optimal for the current recipe and therefore used for further analytical simulations. 
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Figure 5.4: Convergence of weight- average PSD for increasing values of izm,,. 
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Figure 5.4 shows that convergence was obtained at a value of ninax = 30. Solution time for 
the model (with no coagulation, single level discretisation and using the aforementioned 
algorithm) was approximately 4 hours on a dual core 2.4 Ghz processor with 4 GB of 
RAM. 
5.5.2 PSD and MWD Model Results 
Figure 5.5 shows the 2D model output for particle density, with respect to the size of 
particles, r, and the number of radicals contained, n. In order to compare with the output 
from the ID model, n must be first summed over and further processing done to obtain 
the weight-averaged PSD. 
10, 
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Figure 5.5: End-time 2D model output for density of particles distributed over r- and o. 
Figure 5.6 (a) shows that the end-time PSDs are somewhat different when comparing 
the ID and 2D versions of the emulsion polymerisation model. When comparing the data 
from both models it is noted that experimental error and uncertainty regarding exact PSD 
profiles that lead to desired end-use properties must be taken into account. The end-time 
PSD profiles both demonstrate bimodality, however the two modes of particles in the 2D 
case have grown larger than the particles simulated by the ID model. Figure 5.6(c) and (d) 
shows the rate of both homogenous and micellar nucleation in the 2D case is less than that 
indicated by the 1D model, due to the effect of the particle radical balance on the overall 
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system dynamics. The influence on the number of particles is shown in Figure 5.6(b). 
where a lower number of particles is obtained for the 2D case (but of the same order of 
magnitude). 
Figure 5.7(b) shows the overall number of radicals per particle predicted by the 2D 
model is greater than that of the 1D model. The end-time plot of ii(r) [Figure 5.7(a)] for 
both models exhibits the same trend. The abrupt cut-off point shown by the 2D model is 
due to the way that the model only deals with radicals in existing particles, rather than 
calculating h(r, t) (see Eq. (3.27)) for all values of r, despite there being no particles of that 
size present in the system. This does not however effect the global average in the ID model. 
The larger number of radicals/ particle in the 2D case impacts particle growth causing the 
end-time PSD to shift further to the right than that of the 1D simulation [Figure 5.6]. 
The effect of the disparity between both models in terms of radicals/ particle is seen to 
profoundly effect the monomer consumption rates [see Figure 5.8]. The rate of monomer 
consumption in the 2D model case is far higher than in the 1D model, therefore monomer 
becomes exhausted sooner. This increase in conversion rate would appear to coincide with 
experimental observations made in Chapter 4, wherein experimental monomer conversion 
appeared to be faster than that demonstrated by the 1D model. Figure 5.9(a) and (b) show 
the level of VAc and BuA present in the system. Since the 2D model has a generally higher 
number of radicals per particle, the more reactive monomer (BuA) becomes exhausted at 
around 40 mins, compared to 80 mins as indicated by the 1D model. At around 40 mins 
in the 2D model, the effect of having minimal BuA present is to positively influence the 
uptake of VAc (see spike in Figure 5.8(a) and the increase in negative gradient of 2D 
model plot in Figure 5.9(a)). This effect is based on the change in reactivities of a pure 
VAc system as compared to a VAc/BuA system (compare the propagation constants in 
Table 3.1). 
The difference in radical number per particle and resultant monomer consumption be- 
tween the two models has important consequences for the global-average MWD evolutions 
shown in Figure 5.10. A comparison of the initial trends (0 to 40 min) shown by the ID 
and 2D models, show a close match, indicating that the assumptions made in deriving the 
1D PSD model, although greatly effecting intermediate process variables such as the av- 
erage number of radicals per particle, impart little effect on the overall 'MWD prediction. 
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During this time period, it is noted that the global-average number of radicals per particle 
is considerably high [see Figure 5.71, demonstrating the capacity of the ID model to op- 
erate in regions in which radical number is high. A large disparity between the predicted 
global-average MWs occurs after around 40 min, due to the monomer levels at this time. 
The MW begins to increase at around 40 mins in the 2D model, coinciding with the 
exhaustion of BuA. This signifies a switch between the dominating monomers (from BuA 
to VAc). Following this increase, the MW gradually decreases due to the exhaustion of 
monomers and the creation of monomer starved conditions, promoting the formation of 
low MW chains. 
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5.5.3 1D Model, 2D Model and Experiment Comparison 
In the 1D model validation section of Chapter 4, some of the disparities that arose be- 
tween model and experimental results were identified as possibly being due to incorrect 
accounting for growth in the ID model. The above analysis of 1D and 2D models shows 
that the effect of compartmentalisation on the model predictions is to somewhat under- 
predict the amount of radicals being present in particles in the case of the ID model. The 
potentially improved prediction of the radicals/particle in the 2D model might favourably 
impact the rate of growth of particles. It is therefore pertinent to examine what effect 
rigorously accounting for the inter-particle dynamics in the 2D model has on the match 
between model and the previously discussed experimental results. The inputs for cases S1, 
S2 and S3 [Table 4.1] have been implemented in the ID model developed in Chapter 3 and 
the 2D model developed in this chapter, the weight-average PSD results from which have 
been overlaid with experimental results [see Figures 5.11(a), (b) and (c)]. The intention 
here is to observe whether accounting for compartmentalisation has a substantial effect 
on the PSD results (it should be noted that the aspect of coagulation is absent from the 
models). 
For case S1 [Figure 5.11(a)], the 1D model shows a monomodal PSD similar to exper- 
iment, however the simulated particles are smaller than those produced experimentally. 
The 2D model, although still not perfect due to lack of coagulation (and possibly para- 
metric errors), has simulated a mode of particles that are of similar size to those in the 
experiment. The improved match between simulation and experiment is due to the 2D 
model better accounting for the radical number/particle, and hence growth is more ac- 
curately captured. For case S2 and S3 [Figure 5.11(b) and (c)] both models and the 
experiment show a bimodal distribution due to surfactant feed timing, and again a better 
correlation is observed between model and experiment for the 2D model, due to improved 
growth simulation. It is expected that coagulation would lead to a further improved match, 
however due to the 2D nature of the model, this would be a substantial development. 
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5.6 Chapter Summary 
In this chapter two models were compared: a ID PSD/'-%INN'D model and a 2D PSD/-\"N'D 
model. Analysis of the simulation results showed a slight difference in PSD predictions 
and a marked difference in the global-average number of radicals per particle. This caused 
a large difference in the monomer consumption profiles, leading to disparities bet"'k, een 
global number-average MW profiles. This study gives an insight into the effect of com- 
partmentalisation on the individual mechanisms that shape PSD and MWI). PSD results 
were compared from the ID and 2D models and experiment for the surfactant perturba- 
tion set described in chapter 4. The 2D model showed that in properly accounting for 
inter-particle dynamics, a more accurate picture was obtained for the number of radicals 
per particle, more faithfully reproducing experimental trends in growth, in comparison to 
the ID (pseudo-bulk) model. 
The direct solution of this 2D model could be exploited for a more systematic account- 
ing of compartment alisation in the 1D model framework. Future work may aim to sys- 
tematically capture the compartment alisat ion effect on the correction factor T described 
in Chapter 3 allowing a more rigorous derivation of this correction factor for insertion into 
the balance for ft(r, t). A suggestion of how this may be done can be found in Chapter 6 
Chapter 6 
Conclusions and Future Work 
6.1 Thesis Conclusions 
The final chapter will review the questions asked at the beginning of the thesis, and con- 
clude as to the extent to which they were answered. Firstly, a summarised account of 
the contributions from this thesis will be given. The simultaneous controllability of PSD 
and MWD in emulsion polymerisation was assessed through experimental studies. The 
objective of this work was to provide a starting point for the quantification of control ef- 
fect on important product characteristics. A comprehensive population balance modelling 
framework was developed for the process, which incorporated factors such as a coagula- 
tion kernel for ionic surfactants and thermal initiator. A new MWD model was developed, 
which was solved coupled to the PSD model. The model was developed with on-line 
control application in mind (about 30 s solution time was obtained). Upon model valida- 
tion, accord with experimental data trends was encouraging, however it was apparent that 
growth rates were under-predicted, prompting a study into the effect of compartmentali- 
sation. To assess this factor, a 2D version of the model was built, similar in form to the 
full unsimplfied model by Saldivar et al. [77] Instead of assuming a pseudo-bulk situation, 
with information loss regarding radical activity inside particles, the model was solved in 
its full 2D form, with an adaption for the 2D model of the decomposition algorithm for 
PBE solution. Comparison of the output from this 2D model. with the ID model and ex- 
perimental data, showed growth modelling improvements in the 1D model were probablý- 
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needed, with the 2D model providing a systematic method for doing this. 
(1) The first question sought to be addressed in this study related to the viability of 
simultaneously controlling PSD and MWD, given process limitations: 
Elsewhere, it has been established that PSD and'-\I'"'D strongly influence important end- 
product properties. It is therefore important to understand the influence that control 
action has on these variables. It is generally understood that emulsion polymerisation is 
described by unique reaction mechanisms, the interaction of which may lead to extremely 
complicated behaviour, therefore elucidation of such interactions in a controllability sense 
presents a useful source of information. Chapter 4 of this thesis presented an experimental 
study into the simultaneous controllability of PSD and MWD, through perturbation of 
several commonly used manipulated variables, The work analysed the practical limita- 
tions on the attainability of PSD and MWD, through a set of experiments designed to 
effectively manipulate all inputs. A bimodal PSD was first engineered through two dis- 
tinct nucleation events, one initial surfactant-free homogenous nucleation event at early 
times and a micellar nucleation event via an impulse feed of monomer and surfactant some 
time later during the reaction. The summarised information that the experimental work 
provided is presented for each perturbed input: 
Initiator: increasing the concentration of initiator feed increased the magnitude of the 
initial homogenous nucleation, effecting the relative size of the subsequent micellar nucle- 
ation. The decrease in the overall number of particles led to a smaller fraction of high 
MW chains in the MWD. 
CTA: increasing the concentration of CTA caused a slight change in the homogenously 
nucleated mode of particles in the weight-averaged PSD profile, at the same time causing 
a large decrease in the MW- 
Monomer: increasing the monomer feed led to an increase in the magnitude of micellar 
nucleation and growth of this mode, also limiting the fraction of high N_1W chains in the 
MWD 
Surfactant: the timing of surfactant feed was seen to effect the modality of the PSD 
produced (bimodal or monomodal). In the case where a bimodal PSD wa.,, produced, 
increasing surfactant caused a small decrease in the final NiW. Hence, this manipulated 
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variable possibly offers the best opportunity to manipulate PSD with minimal change to 
the final MW. 
The chapter therefore answers the question above by demonstrating and analysiiig the 
various combinations of mechanisms that act to shape PSD and MWD profiles. The range 
of experiments carried out clearly indicated the operation of individual mechanisms in the 
simultaneous formation of PSD and MWD. Inferential control of important end-product 
properties would therefore be carried out by implementing a form of distribution control 
for PSD and MWD as pointed out in the Future Work section. 
(2) The second question related to the possibildy and practicality of modelling the emulsion 
polymerisation reactor, accounting simultaneously for both PSD and MWD: 
Chapter 3 shows the mechanistic development of a combined PSD and model for 
a copolymerisation system with ionic surfactant and thermal initiation. The incorpo- 
ration of coagulation kinetics in a comprehensive framework was also carried out. The 
feasibility of model solution was demonstrated by producing a detailed range of process 
results, including weight-average PSD and NAMW for all particle sizes. The subsequent 
analysis of PSD and MWD results, showed that the model structure was fully capable of 
simulating the required process mechanisms. The practicality of the model was demon- 
strated with an overall solution time of approximately 30 s for simulation of a typical 
semi-batch polymerisation reaction. The minimal solution time was a result of the use 
of an efficient model structure, applying a selection of historical developments, such as 
the pseudo-homopolymer approximation, the pseudo-bulk assumption, and the method of 
moments for MWD solution, in parallel to an efficient solution strategy e. g. hierarchial 
2-tier algorithm and multi-level discretisation. The model was certainly practical enough 
for use in control applications, as alluded to in the introduction section. 
In Chapter 4, validation of the dynamic model was carried out by comparison to a 
range of experimental data for all model inputs, representing a rigorous test platform. 
The model was first tuned using the results of one experiment, and then without fur- 
ther tuning, subjected to a range of experiment ally conducted recipe manipulations. The 
model demonstrated capacity to simulate perturbations in initiator. CTA, monomer and 
surfactant. A qualitative agreement for both PSD and global -NINV was obtained for per- 
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turbations in initiator and CTA. Qualitative agreement was obtained for PSD iii the case 
of surfactant perturbations. MW results via simulation of surfactant pert urbat iori. -, how- 
ever did not match experimentally obtained values, highlighted as being caused by growth 
errors that arose from incorrect predictions for the number of radicals per particle. PSD 
and MW results from experiments that perturbed monomer were not captured well by 
the model. This was again thought to be due to incorrect accounting for the number of 
radicals per particle, and hence growth, and was therefore investigated further in Chapter 
5. 
Chapter 5 goes on to analyse the effect of compartmentalisation on the model, and iii 
fact demonstrates that some error seen in the validation effort was most probably due to 
the ill-accounting of the compartment alised nature of the process. A 2D model was devel- 
oped with the intention of highlighting differences in model simulation capacity compared 
to the 1D model, based on the proper accounting for intra-particle reactions. The 1D 
model developed in Chapter 3 was shown to be sensitive to compartmentalisation, which 
caused differences in the number of radicals per particle, effecting growth rates. The in- 
sight given by this chapter provided a basis for the future incorporation of a correction 
factor into the dynamic radical balance to allow the 1D model to simulate conditions were 
compartment alisation has a large effect. The model development and analysis therefore 
proves that it is possible and very practical to model both PSD and MWD. 
(3) The third question was related to the evaluation of a framework to formulate such a 
PSDIMWD model: 
This question is also inherently answered under the previous question. The framework 
used to model PSD/MWD, as described in Chapter 3, consisted of 2 one-dimensional 
PBEs- a balance for particle density, and another for the average number of radicals 
per particle. This was combined with a separate set of discrete population balances for 
the number of live and dead chains existing within particles, distributed with respect to 
their length. Moments of these population balances were derived. The tractability of 
this mathematical framework was shown to be good, providing a model solution over a 
manageable time scale (i. e. for on-line control application). Validation of this model was 
done in a comprehensive manner with qualitative agreement with experiment obtained. 
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and answers given where agreement was not obtained. A more rigorous 2D model structure 
was developed, whereby the effect of compartment alisation on the 1D model was assessed. 
This suggested that the ID model structure was indeed capable of modelling PSD and 
MWD, with the incorporation of a correction factor. The development of this correction 
factor will require more work, and will be elaborated among the proposals for future. 
6.2 Future work 
Attention is now focussed on the specific corollaries, which build on the contributions from 
this thesis: 
(1) In question 3, it was mentioned that the application of moments to the MWD frame- 
work led to a feasible model. In the next stage, the MWD model can be developed further 
such that it is solved directly to give a full MWD output, instead of the average NBVs 
across the particle size domain. This should, however, be weighted against the fact that an 
experimental measurement of MWD across size is very difficult at present. It is speculated 
that although the MWD model equations rely on an average number of radicals per parti- 
cle, therefore cannot intrinsically account for compart mentalisat ion, a suitable correction 
factor for this value can be derived based on future work to be described later (point 3). If 
the chain length balances are to be solved directly using an update scheme like that used 
for the PSD the problem would most likely become too large for effective application to 
on-line control, and therefore it would be useful to pursue simplification techniques such 
as those which aim to solve for discrete bands of chains, rather than each individual chain 
length. [164,153] Alternative methods have been used to obtain full MWD via reconstruction 
from moments of the distribution, e. g. the numerical fractionation technique. [165,166] 
(2) It is recognised that the model match with experimental data, whilst being of sufficient 
quality to allow conclusions to be made about process interactions, was not Perfect. To 
improve the model accuracy, it is first suggested that more systematic evaluation of model 
parameters be carried out. In the current model the parameters were adjusted mantially, 
and since there are several important parameters that greatly effect results, altering theso 
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together, and observing the effect on multiple outputs. was not easy (despite the quick 
solution time). Therefore, it is proposed that a more formal parameter estimation study 
be carried out. The parameter estimation would involve the process model being embed- 
ded within an optimisation scheme. The objective function would involve the discretised 
experimental PSD and MWD and solids fraction data as targets. The objective function 
would seek to minimise the difference or squared difference between model output and 
experimental data, via the manipulation of chosen model parameters (subject to physical 
constraints). It is suggested that a commercially available optimisation routine may be 
used, such as the gradient based technique used in the work of Bianco and ImmanueLP', 
(3) As alluded toduring discussions of the model fit with experimental data, a compart- 
mentalisation factor (f) could be developed to modify radical dynamics, and therefore al- 
low the correct accounting for intra-particle radical dynamics, influencing particle growth, 
and therefore PSD as well as MWD. It is proposed to use the 2D model to simulate cases 
where number of radicals per particle is low (i. e. < 2). Using data for the 2D distribution 
of radicals in particles, it can be conceived to evaluate the proportions of particles of a 
particular size that will actually house certain reactions e. g. bimolecular termination will 
only occur in the fraction of particles with more than two radicals. This would allow 
a more fundamental analysis to underpin a correction factor that would either directly 
correct reaction rate constants[1081, or modify the radical balance. Alternatively. a simul- 
taneous approach could be adopted to model f, wherein f is dynamically evaluated at each 
time step as a closed-form function (to be determined) that would summarise mechanistic 
information about compartmentalisation. 
(4) The model developed incorporates micellar and homogenous nucleation. However, as 
mentioned in chapter 3, there is also evidence for coagi-flative nucleation [24,21,144,145] play- 
ing a part in particle formation, the modelling 
[25,26,168,1691 of which could be included as a 
possible model improvement step. Another theory of nucleation they may warrant model 
inclusion is the so-called 'micellisation' mechanism modelled by Song and Poehlein, [170,171] 
which, as the authors point out, is similar to homogenous nucleation Nvith the exception 
of the size of the nucleated particles. 
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(5) Another proposal for future work relates to the development of strategies for the 
simultaneous control of PSD and MWD, which has been shown to be possible in this 
work. It is envisioned to first continue studies into quantifying the limitations on control 
of PSD and MWD by carrying out further experiments to analyse different feed regimes. 
Since the experiments carried out in this work involve mainly impulse feeding of monomer, 
it would be useful to employ a more continuous monomer feed. 
Further, it is proposed to use the model to map out attainable regions in terms of PSD 
and MWD, in a reachability analysis akin to [137,172,173] . 
The model would be utilised to 
perform a sensitivity analysis to evaluate the feasible regions, for example, in terms of 
average molecular weight versus particle diameter (or ratio of peaks for a bimodal PSD). 
This would serve as part of a comprehensive methodology for the effective design of ma- 
terial properties. 
(6) As a means to develop an effective and systematic process control scheme for the 
emulsion polymerisation process, it is pertinent to adopt a, inodel-based approach. The 
combined PSD and MWD model developed in this work could be used for open-loop opti- 
misation: it has already been shown that optimal recipes can be generated for an emulsion 
polymerisation by solving multi-objective dynamic optimisation problems towards target 
PSD, number of particles and solids content. 
[174,175,176,177,178,167,1791 It is expected that 
optimal recipes may be generated for particular multi-objective problems, encompassing 
PSD, MWD and solids fraction. 
Further work towards a comprehensive process control scheme would involve incorpo- 
ration of the model within a model predictive control (MPC) framework, 11", 181,68] such 
that the optimiser described above would be run at each available process measurement 
interval (currently about 10 mins for PSD). A state estimator would be used to correct for 
process disturbances and/or model errors, and a new (corrected) set of feed trajectories 
defined at each measurement interval. On-line MPC with a target consisting of MNVD 
would be difficult due to the low measurement frequency possible for '-\I'VN'D. Use of a 
model as a soft-sensor [state estimator] would perhaps allow for more frequent indirect 
measurements to be taken. An alternative would be on-line feedback/ control for PSD and 
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a batch-to-batch feedback control for MWD. 
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Appendix A 
Nomenclature 
Symbol Description 
r radius of an unswollen polymer particle 
rj representative particle radius for bin 
rbj upper boundary size for bin j 
rij cut-off size for bin 
r, radius of a swollen polymer particle 
icr critical chain length for a aqueous phase radical 
_Tw aqueous phase 
initiator 
IIWI concentration of aqueous phase initiator 
Rw aqueous phase initiator radicals 
kr-? - rate constant for initiation of a type j monomer in aq. phase 
Mwj monomer of type j in aq. phase 
Mpi monomer of type j in particle phase 
[M, j] concentration of monomer of type j in aq. phase 
IMPj) concentration of monomer of type J in particle phase 
PI polymer radicals of length 1 and type,, ' in aq. phase wi 
PWO i monomeric radicals of type 
i in aq. phase 
PO radicals derived from chain transfer to CTA in aq. phase wAi 
N1 polymer radicals of length I and type i in particle phase Pi 
No. monomeric radicals of type i in particle phase PI 
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P radicals 
derived from chain transfer to CTA in particle N0 phase At 
concentration of polymer radicals of length I and type i in aq. ph&'o 
[PW, il 
IPWOil concentration of monomeric radicals of type i in aq. phase 
[PO concentration of radicals derived from chain transfer to CTA in aq. phase wAil 
[N1j] concentration of polymer radicals of length I and type i in particle plia.,; (, P 
NPOj concentration of monomeric radicals of type i in particle phase I 
[No concentration of radicals derived from chain transfer to CTA in pAil 
particle phase 
D1 dead polymer chains of length 1 in aq. phase W 
D' dead polymer chains of length 1 in particle phase P 
[D' concentration of dead polymer chains of length I in particle phase P 
Aw CTA in aq. phase 
Ap CTA in particle phase 
[Aw] concentration of CTA in aq. phase 
[Ap) concentration of CTA in particle phase 
A pseudo-homopolymer probability that a radical if type i in particle phase 
Pwi pseudo-homopolymer probability that a radical if type i in aq. pliase 
Ui molar flow rate of initiator into reactor 
uMj molar flow rate of type j monomer into reactor 
UA molar flow rate of CTA into reactor 
Vaq Volume of aq. phase 
kd rate constant for decomposition in the aq. phase 
kw, rate constant for propagation of a radical of type i PU 
with a monomer of type j in aq. phase 
tdij . rate constant 
for termination via disproportionation of a radical kw 
of type i with a radical of type j in aq. phase 
k' rate constant for termination via combination of a radical of type tcij 
with a monomer of type j in aq. phase 
ktw, ij rate constant 
for chain transfer from a radical of type i 
to a monomer of type j in aq. phase 
Appendix A. Nomenclature 
k' rate constant for chain transfer from a radical of tN trAij -pe I 
to CTA in particle phase 
k rate constant for propagation of a radical of type 2 P13 
with a monomer of type j in particle phase 
ktdij rate constant for termination via disproportionation of a radical of 
type i with a radical of type j in particle phase 
ktcij rate constant for termination via combination of a radical of type i 
with a monomer of type j in particle phase 
ktrij rate constant for chain transfer from a radical of type i 
to a monomer of type j in particle phase 
ktrAij rate constant for chain transfer from a radical of type i 
to CTA in particle phase 
el rate constant for entry into a particle of a length 1 oligoiner 
em, i rate constant 
for entry into a micelle of a length I oligomer 
kdMi rate constant for desorption of a monomeric radical from a particle of 
type i 
kt', pseudo-homopolymer rate constant for chain transfer in aq. phase 
k' pseudoý-homopolymer rate constant for propagation in aq. phase P 
k' pseudo- homopolymer rate constant for total termination in aq. phase t 
kwA pseudo- homopolymer rate constant for chain transfer to CTA in tr 
aq. phase 
ktr pseudo- hornopolymer rate constant for chain transfer in particle pha-se 
ktrA pseudo-homopolymer rate constant for chain transfer to CTA in 
particle phase 
kP pseudo-homopolymer rate constant for propagation in particle phase 
kt pseudo- homopolymer rate constant for total termination in 
particle phase 
ktc pseudo-hornopolyrner rate constant for combination termination in 
1'-, G 
particle phase 
ktd pseudo-hornopolymer rate constant for disproportiowition 
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termination in particle phase 
MWj molecular weight of monomer i 
PMi density of monomer i 
PP density of polymer 
ii average number of radicals per particle 
VjIP volume of type j monomer in particles 
Vi, w volume of type j monomer in aqueous phase 
Vj, d volume of type j monomer in droplet phase 
VP volume of unswollen particles 
VS volume of swollen articles pp 
VW volume of water 
vT 
W total volume of aqueous phase 
Vd total volume of monomer droplets 
Kpi coefficient for monomer partitioning between particles and Nv(lter 
Kdj coefficient for monomer partitioning between droplets and water 
S(W) concentration of free surfactant in aq. phase 
ST total amount of surfactant in reactor 
Kv, coefficient for surfactant partitioning between particles and water 
Kd coefficient for surfactant partitioning between droplets and water 
Kad Langmuir adsorption constant 
FOG Langmuir adsorption constant 
A' surface area of polymer particles P 
KA coefficient for CTA partitioning between droplets and water d 
KA coefficient for CTA partitioning between particles and water P 
D, j particle/ micelle entry rate parameter 
D, j diffusion coefficient for monomer j in the aqueous phase 
Cmicelle concentration of micelles in reactor 
ams area occupied by a surfactant molecule 
NA Avogadro number 
O'gen charge arising due to adsorbed surfactant 
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O'surf charge arising due to initiator 
Z+ counter-ion valence 
e charge on an electron 
A,, total area occupied by surfactant 
k inverse double layer thickness 
KB Boltzmann's constant 
T absolute temperature 
is ionic strength 
[elec] concentration of electrolyte in aq. phase 
EO permittivity of free space 
Er relative permittivity of water 
V) surface potential 
zeta potential 
6S Stern layer thickness 
(IýR repulsion potential 
'IýA attraction potential 
AL Hamaker constant 
D distance between particle centres 
d interface particle distance 
Wij Fuch stability ratio between two particles, i and 3 
Bij intrinsic coagulation rate between two particles, 1 and 
ANk kth moment of live radical balance 
ADk kth moment of dead polymer chain balance 
NACL number average chain length 
WACL weight average chain length 
Ii copolymer composition corresponding to type i monomer unit. s 
19i reactivity ratio of monomer i 
A mole fraction of monomer i in the particle phase 
Nglob global number-average molecular weight (11) model) 
WgIob global weight-average molecular weight (ID model) 
1 
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MWP molecular weight of polymer 
W weight fraction of polymer 
Ve elution volume 
n discrete number of radicals 
Rentry rate of entry into particles 
Rentry 
Rentry 
Rentry 
Rdes rate of desorption from particles 
R/ des 7ý 
R // 
des 
Rdes 
Rtermin rate of termination inside particles 
Rtermin 
R if 
termin 
Rtermin 
N2 glob global number-average molecular weight (21) model) 
w2 
vlob global weight-average molecular weight (2D model) 
I 'NIJ 
Appendix B 
Experimental Studies 
B. 1 Emulsion Polymerisation Equipment 
Figure B. 1 shows the emulsion polymerisation rig (detailed in Chapter 4). 
4AMIL 
Figure B. 1: Emulsion Polymerisation Experimental Systeni systeni. 
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B. 2 Capillary Hydrodynamic Fractionation: Measurement 
of PSD 
The CHDF hardware setup is shown in Figure B. 2. 
AaueouslFD 
L-. ý 
rker in 
/10 sample in 
sample waste 
i(er out 
Figure B. 2: Diagrammatic representation of CHDF systeni. 
B. 2.1 Materials and Methods 
o CHDF Hardware: CHDF 2000 (Matec Applied Sciences) 
9 Frachonation Cartndge: C-204 Matec Applied Sciences) 
e Auto-injectzon demce: Rheodyne LabPRO PR700-102-01 
9 ControllAnalysis Software: CHDF Version 3.2 (Matec Applied Sciences) 
o Eluent: GR500 Ix (Matec Applied Sciences), diluted 20: 1 in DI water 
* Calibration Standards: NanosphereTNI Size Standards, 70nm, 600nm and multi- 
modal 81,199,499 (Duke Scientific Corp. ) 
9 Marker fluid: 0.005% sodium benzoate in water 
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CHDF Procedure 
Sample preparation: 
e fill glass vial with 5 mL sample from reactor 
e mix 0.5 mL of 1% hydroquinone solution with sample 
* dilute sample with eluent/DI water to within range (0.1-57c. solids) 
CHDF2000 operation 
ready CHDF device [see hardware User Guide v3.3] 
e ready CHDF data collection software [see software User Guide v3.3] 
o set marker running through auto-sampler (via gravity flow) 
9 inject sample into 25 pL sample loop, purge to waste 
e run CHDF via software prompt 
9 data collection is now automatic (12 min/sample) 
B. 3 Gel Permeation Chromatography: Measurement of MWD 
B. 3.1 Materials and Methods 
e GPC Hardware: PL-GPC 50 Integrated GPC system (Polymer 
Labs): refractive 
index and viscosity 
o GPC Hardware: Dawn 8+ (Wyatt): light scattering 
e GPC Hardware: PL Datastream high resolution 
data acquisition ,. %-stem 
Labs) 
Auto-sampler: PL-AS RT GPC Autosampler (Polymer Labs) 
9 Column Type: 2 pLgel 5pm Mixed-D columns 
(29'C) 
e Control Software: PL Instrument 
Control V2.0 
Appendix B. Experimental Studies 
* Control Software: Datastream monitor VI. 2 
* Collection Software: PL Astra. V5.3.1.4 (collects RI and LS data) 
9 Analysis Software: Scirrus Multi- Online/OfRine V3.0 
* Eluent: Chromatography grade THF (Fisher) 
e Calibration Standards: PL EasiVial PS-H 
GPC Procedure 
Sample preparation: 
* fill glass vial with 5 mL sample from reactor 
* mix 0.5 mL of hydroquinone solution with sample 
decant approx. 2 mL of sample into a shallow metal ti-ough siu-facc 
area to facilitate evaporation) 
dry sample at room temp until until no further weight change occw-.,, 
* using THF from GPC, make up 3mL polymer solution to approx. 1.5 mg/mL (exact 
concentration is required for analysis) 
9 allow 24 hours for dissolution of polymer 
GPC operation 
ready GPC hardware [as above]. Samples must be placed in autosainpler dc%, j(, (,. 
ready GPC data collection software [see PL software User Gulde 0.3 
* begin measurement process (each sample takes approx. 35 niins) 
e analyse data using analysis software (as above) 
e 
zu 
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